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Chapter 1. Introduction 
 
Ethiopia is located in the Eastern part of Africa, West of Somalia, between 8°00N and 
38°00E geographical coordinates. It has a total area of 1,127,127 square kilometres. Out 
of the total area, 7,444 sq km is water and 1,119,683 sq km is land. The population of 
Ethiopia is about 70 million, with a growth rate of 1.96% and a birth rate of 39.81/1000 
population (2003 estimate) [http 1]. Food processing, beverages, textiles, chemicals, 
metal processing, and tanneries are among the industries functioning in Ethiopia. Water 
shortage along with deforestation, overgrazing, soil erosion and desertification are the 
current environmental issues.  
 
Freshwater is a finite resource, essential for agriculture, industry and even human 
existence. Without freshwater of adequate quantity and quality, sustainable development 
will not be possible. Water pollution and wasteful use of freshwater threaten development 
projects [Bartram and Balance, 1996]. Mankind has been introducing large quantities of 
some materials into the environment for many centuries, and it may even be a difficult 
task to assess what an unpolluted environment is [Reeve, 1994]. Discharge of industrial, 
municipal, agricultural and domestic wastes has important effects on a variety of 
chemical parameters in natural waters. These parameters include dissolved oxygen 
concentration, conductivity, turbidity, pH, and temperature to name a few. The 
introduction of these wastes to a natural river system can cause elevated biochemical 
oxygen demand (BOD), increased fecal coliform and E. coli concentrations, and elevated 
levels of other pollutants such as oils, pesticides, salts, fertilizers, and metals. These 
elevated concentrations can adversely affect aquatic wildlife, and pollute surrounding 
water bodies, and can lead to major environmental problems.  
 
Normally, river water would be potable (i.e. fit for human consumption) with minimum 
treatment if it were not affected by human activities. However, rivers are used as disposal 
routes for liquid and solid wastes. The Tinishu Akaki River (TAR), Ethiopia, is one such 
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river that has been/ is used as a receptacle of all kinds of wastes. Industrial wastewater is 
the primary cause of water pollution, followed by domestic wastewater and human 
excreta. Industries are concentrated around Addis Ababa. Most of the factories discharge 
their effluent directly into the TAR and its tributaries.  
 
Urbanization and agricultural activities along the bank of the river, in and around Addis 
Ababa, have also caused an increase in the amount of waste input into TAR and its 
tributaries. This amplified the effect of uncontrolled waste disposal and further degrades 
the condition of the TAR.  
 
It is evident that a detailed analysis of pollution levels would be an essential part of any 
monitoring exercise [Reeve, 2002], in addition to the development of a robust and 
reliable analytical procedure. The determination of trace elements in a natural water 
system requires technologies that offer high sensitivity, accuracy and precision. The 
analytical approach based on inductively coupled plasma mass spectrometry (ICP-MS) is 
the most suitable analytical technique and is the method of choice for the determination 
of trace elements in a variety of sample types [Falcina, 2000; Aggarwal and Jain, 1997; 
Holland and Tanner, 1997], because of its high power of detection. Other studies showed 
that in river water Cr, Mn, Cu, Zn, Mo, etc could be determined directly and Co, Ni, Cd 
and Pb could be measured either directly or after a pre-enrichment procedure [Alfassi, 
1994].  
1.1. Purpose and goals 
The objective of this work was to investigate inputs of polluting elements into the TAR 
and some of its tributaries and developing appropriate analytical procedures therefore. To 
achieve this end, samples were collected at 23 sites during two campaigns in the dry 
season along the TAR and its tributaries. These samples were then analysed for a number 
of water quality parameters including: 
 
- physico-chemical parameters, major ions and nutrients 
- trace elements in water and sediment 
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- speciation of chromium in water samples 
- trace elements in agricultural soils irrigated by the TAR and its tributaries 
 
As such, we hope to fully describe the state of the TAR. It is expected that this status 
report on the Tinishu Akaki River will be most useful as a basis for future decisions and 
will yield a relevant contribution to solve the pollution problem of TAR and its 
tributaries.  
1.2. Thesis overview 
 
The main body of this thesis is presented as a series of papers, in press and submitted, for 
journal publication. Therefore, some repetition of the description of the study area, the 
background and the methods occurs in chapters 4 to 8.  
 
Following this introduction is Chapter 2, which outlines the literature reviews on 
physico-chemical parameters, major ions, nutrients, trace elements and speciation of 
chromium. For convenience, all analytical techniques used in this study are collected and 
described in detail in Chapter 3. 
 
In Chapter 4, the determination of physical parameters of the water is described. It is 
essentially the submitted version of Determination of physico-chemical parameters, 
major ions and nutrients in Tinishu Akaki River, Ethiopia, Bulletin of The Chemical 
Society of Ethiopia.  
 
Chapter 5 describes the determination of trace elements in the water. It is the in press 
version of Simultaneous determination of trace elements in Tinishu Akaki River water 
samples, Ethiopia, by ICP-MS, Canadian Journal of Analytical Sciences and 
Spectroscopy, 2004. 
 
The results of the multi-element analysis of Tinishu Akaki River sediment, accepted by 
the Canadian Journal of Analytical Sciences and Spectroscopy (2005), are outlined in 
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Chapter 6, Multi-element analysis of Tinishu Akaki River sediment, Ethiopia, by ICP-
MS after microwave assisted digestion.  
 
Chapter 7 discusses the method development for speciation of chromium. This is the in 
press version of Method development for the speciation of chromium in river and 
industrial waste water using GFAAS, Michrochimica Acta, 2005.  
 
Chapter 8 reviews the determination of trace elements in agricultural soil samples 
irrigated by the Tinishu Akaki River water. This manuscript has been submitted to 
Analytica Chimica Acta. This paper highlights the comparison of microwave acid 
digestion and the aqua regia extraction techniques for soil sample analysis. 
  
A general discussion, suggestions for future work and recommendations are presented in 
Chapter 9.  
 
This thesis also contains a number of Appendices. Appendix A is graphical presentation 
of physico-chemical parameters, major ions and nutrients. Appendix B is graphical 
presentation of trends of trace elements in water and sediment samples during both 
campaigns. 
1.3. Description of study area 
The TAR is originates from many small streams that flow down from a range of Entoto 
mounts. The river sources, tributaries and main streams pass through the Western-Central 
part of Addis Ababa, the capital of Ethiopia, and a few rural areas to join in the Aba 
Samuel Lake (Figure 1.1) and end at Awash River. As the river crosses through densely 
populated residential, commercial and industrial areas of Addis Ababa, it is exposed to 
various sources of pollutions. 
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Figure 1.1. Location of sampling sites in TAR and its tributaries 
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The major sources of Tinishu Akaki River water pollution are industrial effluents, 
municipal liquid wastes, consisting of sewage, surface run-off, human excreta, and other 
types of domestic wastewater and municipal, domestic and industrial solid wastes. The 
major pollutant industries include tanneries, breweries, wineries, distilleries, battery 
factories and, a slaughter house. Industrial effluents are discharged either directly into the 
TAR and its tributaries or after partial treatment. As a result of this pollution, it would be 
difficult to see aquatic life such as fish in the river. The details on the geography, climate 
and geology of the study area are described in chapter 4 to 8.  
 
Despite its bad odour, black colour and toxicity, the Tinishu Akaki River is still used for 
various purposes including laundry, bathing, swimming, irrigation and cattle drinking. 
The 23 sampling sites together with a brief description of each site are presented in Table 
1.1. 
 
Table 1.1. Description of sampling sites 
 
Sampling 
site 
Latitude/ 
Longitude 
Elevation
(m) 
Description 
S1 N09°04.340 
E038°38.064 
2611 Gefersa before entering water treatment plant: 
expected to be nearly free from anthropogenic 
pollution 
S2 N09°03.507 
E038°40.806 
2507 
 
Burayu stream before joining Gefersa 
S3 N09°03.491 
E038°40.798 
2511 
 
Gefersa stream after water treatment plant and 
before joining Burayu stream:  
S4 N09°03.456 
E038°40.821 
2511 
 
Tinishu Akaki River (TAR): 100 m after 
Gefersa and Burayu stream meeting point 
S5 N09°03.080 
E038°41.188 
2467 
 
TAR before mixing with the effluents of Addis 
Ababa Tannery 
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Table 1.1 (Continued) 
 
S6 N09°02942 
E038°41.322 
2462 
 
Leku stream: before joining TAR; it also 
receives part of effluent discharges after the 
Addis Ababa Tannery  
S7 N09°02.931 
E038°41.317 
2464 
 
TAR after receiving both liquid and solid wastes 
of Addis Ababa Tannery and mixing with Leku 
stream 
S8 N09°02.829 
E03841.329 
2455 
 
TAR: 200m from Addis Ababa Tannery 
S9 N09°02.532 
E038°41.615 
2428 TAR after mixing with Qille stream 
S10 N09°01.233 
E038°42.017 
2368 Gerbeja stream: a tributary of TAR 
S11 N09°01.220 
E038°42.098 
2362 
 
TAR 300m after joining the Gerbeja stream 
S12 N09°01.248 
E038°42.539 
2367 Worenchiti stream: receives domestic and public 
wastes 
S13 N09°01.134 
E038°42.575 
2343 TAR after mixing Worenchiti stream: 150m 
downstream of the Keranyo bridge 
S14 N09°00.430 
E038°42.656 
2327 TAR 500m after mixing Melka Qorani stream 
S15 N08°59.259 
E038°42.607 
2313 TAR at Alert: 400m downstream of Alert bridge 
S16 N08°58.243 
E038°43.578 
2221 Kera stream: a tributary of TAR that receives 
domestic, industrial and slaughter house wastes 
S17 N08°58.338 
E038°44.008 
2224 
 
TAR at Mekanissa: 600m after joining with the 
Mekanissa alcohol and battery factory waste 
flows 
S18 N08°57.658 
E038°44.623 
2194 TAR after mixing with the Lafto stream 
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Table 1.1 (Continued) 
 
S19 N08°57.448 
E038°44.961 
2215 TAR after joining the Jaja stream: 60m 
downstream of the bridge 
S20 N08°56.978 
E038°45.562 
2201 TAR at Saris bridge  
S21 N08°56.826 
E038°45.562 
2194 TAR after mixing with the effluents of the 
Akaki Alcohol Factory 
S22 N08°55.867 
E038°45.428 
2174 TAR at Kaliti ring road, before the bridge and 
after mixing with the effluent of Batu Tannery 
S23 N08°51.873 
E038°44.394 
2069 TAR before entering Aba Samuel Lake: 
upstream from the bridge at Echu and 
Galangoda Kebele 
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Chapter 2. Parameters of aquatic environmental pollution 
 
2.1. Physico-chemical parameters, major ions and nutrients in aquatic 
environment 
2.1.1. Temperature, dissolved oxygen, chemical and biological oxygen 
demand 
 
2.1.1.1. Temperature 
 
The temperature affects the solubility of many chemical compounds and has a more 
direct impact on the well-being of cold-blooded species, as these can only survive within 
a given temperature interval. Increased temperatures elevate the metabolic oxygen 
demand, which in conjunction with reduced oxygen solubility, impacts many species. 
Increasing temperatures tend to elevate the solubility and toxicity of dissolved metals, 
while dissolved oxygen levels generally decrease with increasing temperature [http 1]. 
Elevated temperatures resulting from discharges of heated water may have significant 
ecological impact [Clesceri et al, 1998]. 
 
2.1.1.2. Dissolved oxygen (DO) 
DO is a measure of the amount of oxygen dissolved in water. DO, produced by 
photosynthesis and consumed by breathing and organic decomposition, is an important 
parameter in environmental monitoring as an indicator of the quality of water and a 
decrease in its concentration usually indicates the presence of organic waste [Clesceri et 
al, 1998; Bartram and Balance, 1996]. Typically the concentration of dissolved oxygen in 
surface water is less than 10 mg/L. The DO concentration is subject to diurnal and 
seasonal fluctuations that are due, in part, to variations in temperature, photosynthetic 
activity and river discharge. Natural sources of dissolved oxygen are derived from the 
atmosphere or through photosynthetic production by aquatic plants. Natural re-aeration of 
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streams can take place in areas of waterfalls and rapids. DO is essential to the respiratory 
metabolism of most aquatic organisms. It affects the solubility and availability of 
nutrients, and therefore the productivity of aquatic ecosystems. Low levels of DO 
facilitate the release of nutrients from the sediments [http 1]. 
2.1.1.3. Chemical oxygen demand (COD) 
 
The effect of a polluting agent on the water oxygen level may also be monitored by the 
measurement of the COD. COD is defined as the amount of a specified oxidant that 
reacts with the sample under controlled conditions. The quantity of oxidant consumed is 
expressed in terms of its oxygen equivalence. Because of its unique chemical properties, 
the dichromate ion is the specified oxidant. In strongly acidic medium, it is reduced to the 
chromic ion (Cr3+) in the COD tests. Both organic and inorganic components of a sample 
are subject to oxidation, but in most cases the organic components predominate and are 
of the greater interest. COD is a defined test; the extent of sample oxidation can be 
affected by digestion time, reagent strength, and sample COD concentration. COD often 
is used as a measurement of pollutants in wastewater and natural waters [Clesceri et al, 
1998].  
 
2.1.1.4. Biological oxygen demand (BOD) 
 
BOD is a measure of oxygen consumed by microorganisms under specific conditions. In 
many cases, it is possible to correlate COD and BOD values. The BOD determination is 
an empirical test in which standardized laboratory procedures are used to determine the 
relative oxygen requirement of wastewaters, effluents, and polluted waters. The BOD test 
measures the molecular oxygen utilized during a specified incubation period for the 
biochemical degradation of organic material (carbonaceous demand) and the oxygen used 
to oxidize inorganic material such as sulfides and ferrous iron [Clesceri et al, 1998]. 
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2.1.2. pH 
 
Measurement of pH is one of the most important and frequently used tests in water 
chemistry [Clesceri et al, 1998]. The pH is related to the concentration of hydrogen ions 
in solution. 
 
At low concentrations of hydrogen ions and low ionic strengths, which are typical of 
unpolluted environmental samples, the hydrogen ion activity is approximately equivalent 
to the hydrogen ion concentration. The biological effect of a change in pH can most 
easily be seen by the sensitivity of freshwater species to acid conditions. Populations of 
salmon start to decrease below pH 6.5, perch below pH 6.0, and eels below pH 5.5, with 
little life possible below pH 5.0. The eradication of life can result from a change of little 
more than 1 pH unit. A decrease in pH increases the solubility of metals. The weathering 
of minerals, such as limestone or dolomite, by water becomes more rapid with a decrease 
in pH [Bartram and Balance, 1996; Reeve, 2002]. High pH values tend to precipitate the 
heavy metals as hydroxides. Low pH levels tend to increase carbon dioxide and carbonic 
acid concentrations. Lethal effects of pH on aquatic life occur below pH 4.5 and above 
pH 9.5. Natural fresh waters have a pH range from 4.0 to 10.0 [http 1]. 
2.1.3. Electrical conductivity and total dissolved solids 
 
2.1.3.1. Electrical conductivity   
 
The ability of the water to conduct an electric current is known as conductivity or specific 
conductance and depends on the concentration of ions in solution. Ions are dissolved 
metals and other dissolved materials [Clesceri et al, 1998]. Conductivity is measured in 
milliSiemens per meter (1mS/m = 10µS/cm). The measurement should be made in situ, 
or in the field immediately after the water sample has been obtained, because 
conductivity changes with storage time and is also temperature-dependent. The 
conductivity of natural waters is found to vary between 50 and 1500 µS/cm [Bartram and 
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Balance, 1996; Reeve, 2002]. It is often possible to establish a correlation between 
conductivity and dissolved solids for a specific body of water [dissolved solids = 
conductivity x 0.55 to 0.9 (the factor most often used is 0.7)] [http 1; Clesceri et al, 
1998]. The variation of the empirical factor, from 0.55 to 0.9, depends on the ionic 
components in solution and on the temperature of measurement [Walker, 2001]. 
 
2.1.3.2. Total dissolved solids (TDS) 
 
The substance remaining after evaporation and drying of a water sample is termed the 
residue. The filterable residue is the TDS [Bartram and Balance, 1996; Walker, 2001]. 
TDS is a measure of the amount of dissolved material in the water column. It is reported 
in mg/L with values in fresh water naturally ranging from 0-1000 mg/L. Dissolved salts 
such as sodium, chloride, magnesium and sulphate contribute to elevated filterable 
residue values. High concentrations of TDS limit the suitability of water as a drinking 
source and irrigation supply. High TDS waters may interfere with the clarity, colour and 
taste of manufactured products [http 1]. 
 
2.1.4. Calcium and Magnesium 
2.1.4.1. Calcium 
 
Calcium dissolves out of almost all rocks and is, consequently, detected in many waters. 
Waters associated with granite or siliceous sand will usually contain less than 10 mg of 
calcium per liter. Many waters from limestone areas may contain 30-100 mg/L and those 
associated with gypsiferous shale may contain several hundred milligrams per liter. 
Calcium contributes to the total hardness of water [Bartram and Balance, 1996]. 
 
The average abundance of calcium in streams is about 15 mg/L. The most common forms 
of calcium are calcium carbonate (calcite) and calcium-magnesium carbonate (dolomite). 
Calcium compounds are widely used in pharmaceuticals, photography, pigments, 
fertilizers, and plasters. Calcium carbonate solubility is controlled by pH and dissolved 
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carbon dioxide. The carbon dioxide, bicarbonate and carbonate equilibrium is the major 
buffering mechanism in fresh waters [Clesceri et al.; 1998]. 
 
2.1.4.2. Magnesium 
 
Magnesium is a relatively abundant element in the earths crust and hence, a common 
constituent of natural water. Waters associated with granite or silicious sand may contain 
less than 5 mg of magnesium per liter. Water in contact with dolomite or magnesium-rich 
limestone may contain 10-50 mg/L and several hundred milligrams per liter may be 
present in water that has been in contact with deposits containing sulphates and chlorides 
of magnesium. By a similar action to that of calcium, magnesium imparts hardness to 
water [Bartram and Balance, 1996]. It is used in alloys, flash photography, drying agents, 
fertilizers, pharmaceuticals and foods [Clesceri et al., 1998]. 
  
2.1.4.3. Hardness 
The hardness of water is generally due to the presence of calcium and magnesium in the 
water. Other metallic ions may also contribute to hardness. Hardness is reported in terms 
of calcium carbonate and in units of milligrams per litre (mg/L). Waters with values 
exceeding 120 mg/L are considered hard, while values below 60 mg/L are considered 
soft. Harder water has the effect of reducing the toxicity of some metals (i.e., copper, 
lead, zinc, etc.). If the water has a hardness of greater than 500 mg/L, then it is normally 
unacceptable for most domestic purposes and must be treated [http 1; Clesceri et al., 
1998]. 
2.1.5. Anions and ammonia 
2.1.5.1. Bicarbonate  
 
The alkalinity of water is its capacity to neutralize acid [Clesceri et al., 1998]. The 
amount of a strong acid needed to neutralize the alkalinity is called the total alkalinity 
and is reported in mg/L as CaCO3. The alkalinity of some waters is due only to the 
bicarbonate of calcium and magnesium. The pH of such water does not exceed 8.3 and its 
total alkalinity is practically identical with its bicarbonate alkalinity. Water having a pH 
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above 8.3 contains carbonates and possibly hydroxides in addition to bicarbonates 
[Bartram and Balance, 1996].  
 
Alkalinity is significant in many uses and treatments of natural waters and wastewaters. 
The measured values also may include contributions from borates, phosphates, silicates, 
or other bases if these are present. Alkalinity in excess of alkaline earth metal 
concentrations is significant in determining the suitability of water for irrigation [Clesceri 
et al., 1998]. Natural waters rarely have levels that exceed 500 mg/L. Waters that have 
high alkalinity values are considered undesirable because of excessive hardness and high 
concentrations of sodium salts. Water with low alkalinity has little capacity to buffer 
acidic inputs and is susceptible to acidification (low pH) [http 1]. 
 
2.1.5.2. Sulphate 
Sulphate is widely distributed in nature and may be present in natural waters in 
concentrations ranging from a few to several thousand milligrams per liter [Clesceri et 
al., 1998]. Although sulphate is one of the major components of natural waters, its 
determination is of particular interest with respect to the problems of water pollution and 
acid rain, and for geochemical and environmental studies. Furthermore, the widespread 
industrial use of sulphuric acid makes the determination of sulphate important for 
environmental protection. Sulphate also results from the breakdown of sulphur-
containing organic compounds [Bartram and Balance, 1996].  
2.1.5.3. Chloride 
Chloride is one of the major inorganic anions in water and wastewater. The salty taste 
produced by chloride concentrations is variable and dependent on the chemical 
composition of water. Some waters containing 250 mg chloride per liter may have a 
detectable salty taste if the cation is sodium. On the other hand, the typical salty taste may 
be absent in waters containing as much as 1000 mg/L when the predominant cations are 
calcium and magnesium. The chloride concentration is higher in wastewater than in raw 
water because sodium chloride is a common article of diet and passes unchanged through 
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the digestive system. High chloride content may harm growing plants, as well as metallic 
pipes and structures [Clesceri et al., 1998; Bartram and Balance, 1996]. 
Chloride anions are usually present in natural waters. A high concentration occurs in 
waters that have been in contact with chloride-containing geological formations. 
Otherwise, high chloride content may indicate pollution by sewage or industrial wastes 
[Bartram and Balance, 1996]. Chloride is important in terms of metabolic processes, as it 
influences the osmotic salinity balance and ion exchange. Higher chloride concentrations 
can reduce the toxicity of nitrite to aquatic life [http 1]. 
 
2.1.5.4. Phosphate  
 
Phosphorous compounds are present in fertilizers and in many detergents. Consequently, 
they are carried into both ground and surface waters with sewage, industrial wastes and 
storm run-off [Bartram and Balance, 1996]. Inorganic phosphate in natural waters is 
primarily present as either orthophosphate or polyphosphate [Walker, 2001]. Excessive 
levels of phosphorus may lead to the eutrophication of natural water sources [DeZuane, 
1997]. Then the excess growth of algae reduces the oxygenation of the water, resulting in 
fish kill. Certain algae, the cynobacteria, contain hepatotoxins which may act as 
promoters in hepatocarcinogenesis [Frank, 1996]. 
 
2.1.5.5. Nitrate  
 
Nitrates are essential in the environment because they are necessary for growth and 
reproduction of green plants [Bartram and Balance, 1996]. Nitrates may however also be 
harmful because they can cause sickness or death of small babies and domestic livestock. 
Nitrates get into the water environment primarily from five sources: chemical fertilizers 
containing nitrogen, animal wastes, city sewage and septic tank effluents, municipal and 
factory wastes [Frank, 1996; Camp and Donahaue, 1994; Chiras, 1985; Rand and 
Petrocelli, 1985]. Without anthropogenic inputs, most surface waters have less than 0.3 
mg/L of nitrate [http 1].  
Chapter 2. Parameters of aquatic environmental pollution  
 17
 
2.1.5.6. Nitrite 
 
Nitrite is an unstable, intermediate stage in the nitrogen cycle and is formed in water 
either by the oxidation of ammonia or by the reduction of nitrate. Thus, biochemical 
processes can cause a rapid change in the nitrite concentration in a water sample. It is 
normally present only in minute quantities in surface waters (<0.001 mg/L). Nitrite is 
toxic to aquatic life at relatively low concentrations [http 1]. Higher concentrations may 
be present in sewage and industrial wastes, in treated sewage effluents and in polluted 
waters [Bartram and Balance, 1996]. The degree of nitrite toxicity depends also on the 
presence of chloride and other ions. For example, nitrite toxicity decreases with 
increasing chloride concentration, whereas also the presence of bromide, sulfate, 
phosphate and nitrate have been found to inhibit nitrite toxicity to different degrees [Rand 
and Petrocelli, 1985]. 
 
2.1.5.7. Ammonia  
 
When nitrogenous organic matter is destroyed by microbiological activity, ammonia is 
produced and is therefore found in many surface and ground waters. Higher 
concentrations occur in water polluted by sewage, fertilizers, agricultural wastes or 
industrial wastes containing organic nitrogen, free ammonia or ammonium salts. 
Ammonia can result from natural reduction processes under anaerobic conditions. Certain 
aerobic bacterias convert ammonia into nitrites and then into nitrates. The proportions of 
the two forms of ammonia nitrogen, i.e. free ammonia and ammonium ions, depend on 
the pH, Figure 2.1 [Bartram and Balance, 1996]. Natural waters typically have ammonia 
concentrations less than 0.1 mg/L. Ammonia at high concentrations is toxic to aquatic life 
[http 1; Rand and Petrocelli, 1985]. 
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Figure 2.1. Proportion of NH3 and NH4+ versus pH 
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2.2. Trace elements in the environment 
 
The term "trace element" is widely used in the literature and may have differing 
meanings in various scientific disciplines. Generally, it refers to elements that occur in 
minute concentrations in natural and artificial systems [Fifield and Haines, 1995; 
Vandecasteele and Block, 1993]. Trace elements often define elements that are essential 
or toxic in small quantities to microorganisms, plant and animal organisms, including 
humans. However, it often also includes elements with no known physiological functions. 
A general consensus exists on considering "trace" an element which is present in the 
system, e.g., soil and introduced materials, at levels of less than 0.1%. In biochemical and 
biomedical areas, an element is considered "trace" when it is commonly present in plant 
or animal tissues in a concentration lower than 0.01% of the organism. Other terms that 
are often used as synonymous for most "trace elements" include: "trace or heavy metals", 
"microelements", "trace inorganics", and other [Senesi et al., 1999]. 
2.2.1. Sources of pollution 
 
All trace elements occur to a varying extent within all compartments of the environment. 
The term pollution of the environment refers to an increase of a trace element relative to 
the natural occurrence of that element. This increase may relate to natural events, but in 
general is associated with human activities. In particular anthropogenic activities result in 
a more widespread trace element contamination of the environment than does natural 
occurrence [Fifield and Haines, 1995]. 
 
2.2.1.1. Natural sources 
 
The earths crust is the primordial source of all the natural trace elements of the various 
environmental, geological, biological and marine systems. Table 2.1 shows the typical 
natural trace element concentrations of river water, surface soil and plants [Fifield and 
Haines, 1995]. 
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Table 2.1. Typical mean natural trace element concentrations of river water, surface soil and plants 
[Fifield and Haines, 1995]. 
 
Trace element River water, µg/L Surface soil, µg/g dry 
weight 
Plant, µg/g dry 
weight 
Li 12 25 0.5 
B 10 30 5 
Al 50 3% 200 
Ti 10 0.3% 2 
V 1 85 0.5 
Cr 1 60 0.2 
Mn 7 450 80 
Fe 40 5% 120 
Co 0.2 8 0.08 
Ni 0.3 20 1 
Cu 5 15 5 
Zn 20 60 30 
As 2 2.5 0.15 
Se 0.2 0.3 0.06 
Br 20 45 35 
Rb 20 75 55 
Sr 60 280 220 
Mo 1 1.5 0.3 
Cd 0.02 0.25 0.1 
Sb 0.3 0.75 0.06 
I 10 1.5 0.1 
Cs 0.04 2 0.1 
Hg 0.07 0.05 0.01 
Pb 3 20 1 
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Surface waters, soils and vegetation, volcanic activity, forest fires and land run-off are 
among the most important natural sources of metals [Friberg et al., 1986].  Natural 
weathering of rocks and leaching processes can be the source of trace elements through 
dissolving and reacting with materials, mobilisation and distribution to the various 
environmental compartments [Fifield and Haines, 1995]. 
 
2.2.1.2. Anthropogenic sources 
 
For most of humanitys existence, we have used water as a means of disposing of the 
things that we no longer want-our wastes. It is very simple, when the wastes are out of 
sight, they are gone. With the billions and billions of gallons of water on the planet, 
nothing people could do would ruin it. Such thinking has finally produced a major crisis. 
When people saw lakes becoming lifeless pools or filthy water and rivers become smelly, 
greasy streams of waste, they finally realized that something needed to be done. There are 
many sources of water pollution. But as with water use, there are three broad categories 
that produce most of our water pollution: agricultural sources, industrial sources, and 
domestic and urban sources. Many organic and inorganic chemicals are used in 
manufacturing processes. Some are intentionally dumped into the water supply and others 
enter it accidentally [Camp and Donahaue, 1994]. Metals come from industrial discharge, 
urban runoff, sewage effluents, air pollution fallout and some natural sources [Senesi et 
al., 1999; Chiras, 1985; Williams, 2001; Routledge, 2003; Friberg, 1986].  
2.2.2. Use 
 
A large number of metals is used in the production of alloys and in plating, and 
increasing amounts are being used as catalysts in the chemical industry. Considerable 
amounts are also used in, for example, the production of plastics as heat stabilizers, in 
pigments, biocides and lubricants, in fertilizers and pesticides, and in the ceramic and 
electrical industries. The many diverse uses of a number of metals are listed in Table 2.2 
[Friberg et al., 1986; Fergusson, 1990]. 
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Table 2.2. Uses of metals 
 
Metal Uses 
 
Ag Photography, electric conductors, sterling ware, solders, coinage, electroplating, 
catalysts, batteries  
Al Building and construction, transportation, electrical industry, packaging, 
consumer durables, machinery, glass, pharmaceuticals 
As Pb and Ca arsenate and sodium arsenite pesticides; glass and enamels; alloys; 
electronics 
Cd Electroplating, pigments, thermoplastic stabilizers e.g. in PVC, batteries, low 
melting point alloys 
Co Alloys mainly, catalysts, pigments, enamels, glazes, electroplating 
Cr Metallurgy-alloy, refractory bricks, electroplating, tanning, paint, wood 
preservatives 
Cu Electrical industry, alloys e.g. brass, chemical catalysts, anti-fouling paint, 
algicides, wood preservative 
Fe Iron and steel industry 
Hg Chlor-alkali production, electrical apparatus, anti-mildew paint, instruments, 
catalysts, pesticides, pharmaceuticals, anti-fouling paint 
Mn Metallurgy  largely steel alloys, dry batteries, chemical industry, e.g., 
permanganate, glass, ceramic coloring 
Mo Metallurgy  steel alloys, catalysts, pigments, glass, lubricant and oil additive 
Ni Metallurgy  steel and other alloys, electroplating, catalysts 
Pb Storage batteries, leaded gasoline, pigments, e.g., red lead paint, ammunition, 
solders, cable covering, anti-fouling paint 
Sb Antimonial lead (hardened lead), plastics, ceramics and glass, flame proof 
chemicals, bearing metal, pigments, type metal 
Se Glass industry, electrical industry, e.g., rectifiers, photocells, paints, rubber, 
insecticides  sodium selenite 
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Sn Tinplate, solders, bronze, white metal, chemical-reducing agent, fungicide  
triphenyl tin acetate, anti-fouling paint 
V Metallurgy  steel and other alloys; catalysts, pigments 
Zn Zn-based alloys, brass and bronze, galvanizing, rolled Zn, paints, batteries, 
rubber 
 
2.2.3. Routes of trace elements in the environment 
 
It is now well recognized that the development of effective strategies to solve 
environmental contamination problems depends on knowledge of the mobility and 
bioavailability of metals [Li et al., 1995]. The concentration of heavy metals available to 
terrestrial, aquatic and marine organisms (i.e. their bioavailability) is determined by the 
solubilisation and release of metals from rock forming minerals and adsorption and 
precipitation reactions which occur in soils and sediments. The degree to which the 
metals are absorbed depends on the properties of the metals concerned i.e. valence, 
radius, degree of hydration and co-ordination with oxygen, physicochemical 
environment, nature of the adsorbent, other metals present and their concentrations and 
the presence of soluble ligands in the surrounding fluids [Alloway and Ayres, 1993]. 
 
Metals are constantly being transported between the spheres of the environment-the 
atmosphere, the hydrosphere and the lithospheres (the earths crust). Figure 2.2 shows a 
general schematic of the movement of trace elements in the environment [Fifield and 
Haines, 1995]. At each stage of the transportation, the concentration of the compounds or 
elements will be altered either by phase transfer, dilution or surprisingly, reconcentration 
[Reeve, 1994]. In the aquatic environment, the transportation of metals can be governed 
by solubilization, deposition in sediments and uptake by organisms. 
 
2.2.3.1. Solubilisation 
 
Metals entering the environment are often in an insoluble form in industrial waste, in 
discarded manufactured products or as part of naturally occurring mineral deposits. 
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Deposition from the atmosphere is often in the form of soluble salts. However, the 
solubility of metals increases with decrease in pH. Solubilisation is often aided by the 
formation of complexes with organic material. These may be anthropogenic (e.g., 
complexing agents in soap powders), but may also occur naturally. Humic and fulvic 
acids produced by decay of organic material can help solubilise the metals [Reeve, 1994]. 
 
2.2.3.2. Deposition in sediments 
 
Deposition can occur when there is an increase in pH. The pH at which this occurs may 
vary from metal to metal but under sufficiently alkaline conditions all transition metals 
will precipitate. Deposition of relatively high concentration metals may result in traces of 
other metal ions also being deposited. This is known as coprecipitation. Metal ions may 
also interact with sediments by a number of mechanisms including: adsorption, ion 
exchange (clay minerals are natural ion exchangers) and complex formation within the 
sediment. A change in oxidizing or reducing nature of the water (i.e. the redox potential) 
may lead to either solubilisation or deposition of metal ions [Reeve, 1994; Howard, 
1998].  
 
2.2.3.3. Uptake by organisms 
 
From the above considerations, an obvious route into the food chain is from sediments 
via filter feeders. Many metals are retained in the organism as a simple ion. Others, 
particularly cadmium and mercury, can be converted into covalent organometallic 
compounds and will preferentially accumulate in fatty tissue. The distribution of the 
metal within an organism is thus very dependent on the individual metal and its detailed 
chemistry [Reeve, 1994]. Moreover, metals can enter the food chain as a result of their 
uptake by edible plants and animals [Gleyzes et al., 2002; Tuzen, 2003]. 
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Figure 2.2. Movement of trace elements within the environment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.4. Metals as essential and non-essential trace elements 
 
Some metals are usually essential because they form an integral part of at least one 
enzyme. Since the primary action of such essential metal is as a catalyst, only trace 
amounts are necessary for optimal cellular function. The dose-response relationships for 
the essential metals therefore reflect the fact that at very low intakes of the metal, 
biological effects may appear due to deficiencies, whereas at high intakes effects may be 
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due to an overdosage. In general, deficiency of essential trace metals results in retarded 
growth along with specific effects associated with each metal [Friberg et al., 1986].  
 
In human and animal systems, trace elements are defined as being essential if depletion 
consistently results in a deficiency syndrome and repletion specifically reverses the 
abnormalities. The trace elements fulfilling these requirements are Co, Cr, Cu, F, Fe, I, 
Mn, Mo, Ni, Se, Si, Sn, V and Zn [Fifield and Haines, 1995; Vandecasteele and Block, 
1993; Markert, 1994]. In addition to the essential elements, there are several others which 
are always found in body tissues and fluids but for which no proof of essentiality has 
been established. These elements are often referred to as non-essential, e.g., Li, B, Ge, Rb 
and Sr. Some elements, Cd, Hg and Pb, are prominently classified as toxic. This is 
because of their detrimental effects even at low levels. It should be noted, however, that 
all trace elements are predominantly toxic when their level exceeds the limit of safe 
exposure. These limits vary widely from one element to another [Fifield and Haines, 
1995].  
 
The overall role of trace elements in living organisms is directly related to the 
interactions within all environmental, geological, biological, or marine systems. For 
example, the trace element composition of soil may significantly influence the elemental 
composition of the vegetation, which in turn influences that of the animal or human 
tissues or fluids via the food chain [Fifield and Haines, 1995]. 
 
2.2.5. Interaction between different elements 
 
The physiological effects of various trace elements do not solely depend on the given 
element, they shows rather multifaceted correlation with other nutritive elements. 
Interactions between various elements are well-known and simplified, called synergetic 
and antagonistic. In fact, these correlations are more complicated than can be expressed 
by these words. Figure 2.3 shows a relatively simple, but well understood picture from 
Chowdhury and Chandra [Markert, 1994].  
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Figure 2.3. Interactions of toxic heavy metals and several essential elements 
 
 
 
 
 
       
 
 
 
The multifaceted correlation between the three highly toxic heavy metals Cd, Pb and Hg 
and some essential elements is demonstrated. If the human organism has a good supply of 
calcium, zinc, or selenium, cadmium toxicity can be decreased or even prevented. Our 
environment only rarely contained excessively high levels of pollutants like cadmium, 
lead, etc., but with the increasing pollution of nature we can count on these undesirable 
consequences. If daily feeds are also deficient in calcium, zinc, selenium, etc., severe 
toxicity will be even greater [Markert, 1994]. 
 
2.2.6. Toxicology in humans and in aquatic ecosystems 
2.2.6.1. Toxicity in humans 
 
A toxic material is a substance that has an adverse effect on health. Many chemicals 
could be classed as toxic, but some more so than others. The level of toxicity of a 
substance, relates to the amount that causes an adverse effect and, to some extent the type 
of effect [Fergusson, 1990]. The metals which are of most environmental concern are 
first transition series metals and post-transition metals i.e. Tl, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Al, Cd, Sn, Hg and Pb, many of which are in widespread use in industry [Reeve, 2002]. 
Often the non-specific term heavy metals is used for three of the metals, lead, cadmium 
and mercury. These have large bioconcentration factors in marine organisms, are highly 
Mn
Fe CuCd
Se 
Zn 
Hg
Ca
Cr
Pb
Chapter 2. Parameters of aquatic environmental pollution  
 28
toxic and, unlike many other transition elements, have no known natural biological 
function [Reeve, 1994]. 
 
During the past 50 years, there has been a rapid increase in the number of major trace 
element related water pollution incidents. Examples include cadmium in the Jinstu River, 
Japan (traced to effluents from zinc mining) which produced Itai-Itai (Ouch-Ouch) or 
severe bone damage disease in the local human population and mercury in Minimata, 
Japan (methylmercury from a chemical plant, where it was used as a catalyst in the 
production of vinyl chloride and acetaldehyde) [Fifield and Hainess, 1995; Fellenberg, 
2000]. 
 
Although chromium is an essential trace element, chromate salts can produce severe 
effects in the skin, nasal septum and the lung. The homeostatic mechanisms usually 
operate to control gastrointestinal absorption so that entry into the body by other 
pathways circumvents this control. The other example is Zn, the inhalation of zinc oxide 
fumes can give rise to an allergic response resulting in metal fume fever. Inhalation of 
manganese oxides or salts can result in chronic toxicity [Friberg et al., 1986].  
 
Some of the toxic effects of the non-essential metals may be a consequence of a blockage 
of the availability or activity of essential metals as a result of interaction of toxic heavy 
metals and several essential elements Figure 2.3. Lead blocks the utilization of iron in 
heme synthesis by inhibition of the enzyme ferrochelatase. There is evidence that 
cadmium can block the entry of zinc into the fetus, thereby causing a variety of 
teratogenic effects. The effect of lead in mitochondria may be a direct consequence of its 
carriage into the subcellular particle by the calcium transport system. In fact the calcium 
carrier is believed to be relatively non-specific for calcium and capable of transporting a 
broad spectrum of divalent cations [Friberg et al., 1986].   
 
Some heavy metal compounds are mutagenic, a further, very significant, toxic effect. 
Alkyl-mercury compounds and Cr(III) compounds have shown this effect; presumably, 
as they are mutagenic, they are also carcinogenic. Chromium compounds, particularly as 
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CrO42-, can readily enter the cells, apparently because of their structural similarity to 
SO42- and PO43- which can easily pass through the bio-membranes. But as soon as a 
reduction to Cr(III) occurs, the transfer through the membrane ceases. When Cr(VI) has 
penetrated into the core of the cell, it can damage nucleic bases by oxidation, because of 
its oxidative effect and because of its intermediates, Cr(V) and Cr(IV). Furthermore, the 
Cr(III) that has been formed by reduction from Cr(IV) might combine directly with the 
phosphate residues of the chromosomal proteins; particularly, the lysine-rich histone 
fraction H 1, a strongly phosphoric form, is often present. While the oxidation of DNA 
and the combination of Cr(III) with chromosomal proteins would lead to changes in the 
activity of the DNA [Fellenberg, 2000]. Further details on the toxicology of metals are 
discussed elsewhere [Change, 1996; Goyer et al., 1995]. 
 
2.2.6.2. Toxicology in aquatic ecosystem 
 
Usually, the natural background levels of metals in aquatic environment are extremely 
low, and minor increases due to man-made input may under unfavorable conditions be 
expected to be harmful to the biota. In water itself, the metals exist in different forms, and 
are of different availability and toxicity to the organisms. The aquatic environment is 
quite variable, and there are many factors that will modify the effects on the biota caused 
by a certain metal. pH, redox potential, hardness, the presence of organic and particulate 
matter, etc., greatly influence both the chemical speciation of the metal and the type and 
stability of the ecosystem, and thus also the impact of a metal [Frank, 1996; Haslam, 
1990]. For many metals, the free metal ion is the most toxic form, while the portions 
bound in chelates and complexes or adsorbed onto particles are comparably inactive. 
Thus, many metals show a reduced toxicity in hard water and in water with a high 
content of organic or particulate matter. In aquatic environment, the most obvious 
ecological effects of metal pollution can be found in rivers and lakes receiving 
wastewater from different industries [Friberg et al., 1986].  
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2.3. Speciation of chromium 
 
Chromium (Cr) is a metallic element which is listed by the Environmental Protection 
Agency as one of 129 priority pollutants and is considered one of the 14 most noxious 
heavy metals [http 2]. Chromium belongs to the transition group elements from group VI 
B and can therefore occur in each of the oxidation states from -2 to +6 which are of 
unequal stability. Only the 0 (elemental), +2, +3 and +6 states are common. The divalent 
Cr form is unstable in most compounds as it is easily oxidized to the trivalent form by air 
or by H+. In natural and waste waters, chromium exists essentially in its trivalent and 
hexavalent form. Cr(VI) may be present in aqueous solution as monochromate, 
bichromate or hydrogen chromate, depending on the pH and the chromium concentration 
in solution. Cr(III) has the tendency to form a large number of kinetically inert 
complexes, mainly the hexa-coordinated [Cr(H2O)6]3+ ion. At higher pH, Cr(H2O)5OH2+ 
and Cr(H2O)4(OH)2+ are also present. At pH 4 and above, hydrolysis of the coordinated 
H2O occurs, which leads to the formation of OH bridges. Solutions containing Cl-, SO42- 
and SCN- can form simple complexed species with Cr(III). This is also the case with 
several organic ligands such as humic acid. The chromium distribution in natural waters 
is also controlled by redox processes (Figure 2.4). Environments rich in Fe(II), organic 
matter and sulphides favour the reduction of Cr(VI) to Cr(III) [Quevauviller et al., 1995]. 
Trivalent chromium will not be generally oxidized to Cr(VI) with one exception, 
manganese oxides in soil can oxidize Cr(III) to Cr(VI) [Kim et al., 2002; James, 1996]. 
The composition of typical molecules and ions that contain Cr(III) and Cr(VI) are 
provided in Table 2.3.  
 
It is increasingly realized that the distribution, mobility and biological availability of 
chemical elements depends not simply on their concentrations but, critically, on the 
chemical and physical associations which they undergo in natural systems. Changes in 
environmental conditions, whether natural or anthropogenic, can strongly influence the 
behaviour of both essential and toxic elements by altering the forms in which they occur. 
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Some of the most important controlling factors include pH, redox potential and 
availability of reactive species such as complexing ligands (both organic and inorganic), 
particle surfaces for adsorption, and colloidal matter [Ure and Davidson, 1995; Pantsar-
Kallio et al., 2001]. 
 
 
Table 2.3. Formulas of typical chromium compounds [http 3] 
 
Valence Name Chemical Formula 
0 Chromium Cr 
Hydroxyl species CrOH2+, Cr(OH)21+, Cr(OH)3, 
Cr(OH)41- 
Chromic chloride CrCl3 
Chromic oxide Cr2O3 
 
 
+3 or Cr(III) 
Chromic nitrate Cr(NO3)3 
Hydroxyl species HCrO41-, CrO42- 
Chromic acid H2CrO4 
Ammonium chromate (NH4)2CrO42- 
Chromium trioxide CrO3 
Chromyl chloride CrO2Cl2 
Sodium chromate Na2CrO4 
 
 
 
+6 or Cr(VI) 
Sodium dichromate Na2Cr2O7 
 
Speciation analysis is no longer a new future. IUPAC defines this term as the analytical 
activity of identifying and measuring the quantity of one or more individual chemical 
species in a sample [Cornelis et al., 2003; Ebdon et al., 2001]. Speciation can seldom be 
more significant to understanding the toxicological behaviour of a metal in the 
occupational or natural environment than it is in the case of chromium [Ebdon et al., 
2001]. 
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Reliable analytical data on chemical forms, speciation and bioavailability of trace 
elements in different areas and a valid estimation of their background levels are 
absolutely necessary to the legislators for introducing mandatory or guideline levels 
which are realistic and appropriate [Senesi et al., 1999]. 
 
Cr(VI) compounds are highly soluble and more bioavailable than the sparingly soluble 
Cr(III). The total Cr concentration in unpolluted natural waters is 1-10 µg L-1 [Huebert et 
al., 1979]. The Cr concentration in polluted areas is much higher. 
2.3.1. Natural occurrence of chromium 
 
Chromium is a naturally occurring element found in trace levels in many rocks and soils 
and in substantial concentrations in some regions where chromite ore, 
(MgFe)(CrAlFe)2O4 or Mg(CrAl)2O4(FeCr)2O3, is found. The most important and only 
commercial source of chromium is chromium ore, in which the chromic oxide content 
falls typically within the range 15-65% [Ebdon et al., 2001]. Apart from the rare mineral 
crocoite (PbCrO4), all naturally occurring chromium is found in the trivalent state 
[Friberg et al., 1986]. Most surface waters contain very low levels of chromium (1 to a 
few µg/L), except for waste waters coming from industries [Quevauviller et al., 1995].  
 
2.3.2. Production, use and anthropogenic sources 
2.3.2.1. Production 
 
The only important chromium ore is chromite, FeOCr2O3, which is never found in pure 
form. FeO may be replaced with some MgO, and the mineral also contains silica in 
varying amounts, as well as small quantities of other compounds. The highest grade of 
ore contains about 55% chromic oxide.  
 
Approximately 22.25 million tones of chrome ore were mined and processed in 1998 
(excluding Russia for which data are unavailable) [Ebdon et al., 2001]. Ferrochromium is 
produced by direct reduction of the ore. Chromium metal is produced either 
electrolytically after chemical treatment of high-carbon ferrochromium, or by reduction 
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of chromium compounds. Sodium chromate and dichromate are produced by roasting 
chromite ore with soda ash, or with soda ash and lime, followed by chemical treatment 
for removing impurities. Most other chromium compounds are produced from sodium 
chromate or dichromate [Friberg et al., 1986]. 
 
2.3.2.2. Use 
 
Chromium is used in a wide variety of industrial applications including: fabrication of 
alloys; preparation of alloy steels to enhance corrosion and heat resistance; use in 
fabrication of plated products for decoration or increased wear resistance; use in 
production of nonferrous alloys to impart special qualities to the alloys; production and 
processing of insoluble salts; use in textile industry in dyeing, silk treating, printing, and 
moth proofing wool; leather industry in tanning; photographic fixing baths; as chemical 
intermediates; catalysts for halogenation, alkylation, and catalytic cracking of 
hydrocarbons; fuel additives and propellant additives; ceramics and nuclear & high 
temperature research [Friberg et al., 1986; Ebdon et al., 2001, Sax and Lewis, 1987; 
Nriagu and Nieboer, 1988; Langard, 1982]. 
 
2.3.2.3. Anthropogenic sources 
 
The various anthropogenic sources of chromium include mining, metallurgy, chemical, 
dyeing, tanning, electroplating, pigments, photography, anticorrosive substances, oil well 
drilling industry, wood preservative industries, sewage and sludge, manure, and fertilizer 
(as impurity) etc. [Nriagu and Nieboer, 1988]. They are an important sources of discharge 
of the metal, either as Cr(III) or Cr(VI), into the environment causing chromium 
pollution. The leaching of sanitary landfills also leads to substancial amounts of 
chromium in ground water [Quevauviller et al., 1995; Pazos-Capeans et al., 2004; Abbas 
et al., 2001].  
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2.3.3. The redox chemistry of chromium 
The essential details of the redox behaviour of chromium are shown in Figure 2.4, which 
is adapted from Pourbaix. Chromium can exist in several valence states in the 
environment, however, chromium +3 and +6 are of major significance both commercially 
and toxicologically and only the trivalent state is common in geochemistry [Ebdon et al., 
2001]. Although the Eh (redox potential, in Volts)-pH diagram describes chromium 
compounds in aqueous conditions, concentration, pressure, temperature, and the presence 
of other ions can affect the presence of various hydroxyl chromium species. Cr(III) exists 
in wide Eh and pH ranges, with the specific species varying with pH, as seen in Figure 
2.4. Cr3+ exists when pH is less than 3, and trivalent chromium hydroxyl species 
[Cr(OH)2+, Cr(OH)2+, Cr(OH)3, and Cr(OH)4-] exist at pH greater than 3.5. Of special 
interest is the predominance of Cr(VI) species as CrO42- at alkaline pH levels which 
emphasizes the possibility for converting Cr(III) to Cr(VI) under basic conditions [http 
3].  
Chromium chemistry is very complicated. It would seem that ozone would oxidize the 
trivalent chromium to hexavalent chromium. Because of the reaction kinetics, hexavalent 
chromium does not easily reduce in neutral-to-basic aqueous solutions. However, the iron 
present in the same solution can facilitate an intermediate +5 valence chromium ion that, 
in turn, facilitates a secondary reduction to Cr3+ [http 4]. 
2.3.4. Essentiality and toxicity 
2.3.4.1. Essentiality 
 
Trace quantities of certain forms of chromium are considered helpful or necessary. 
Chromium supplement pills are even sold in some health food stores. Chromium in 
biological materials is usually in the +3 form, and this is the form that functions as an 
essential element in mammals [Pantsar-Kallio et al., 2001; Abbas et al., 2001; Kotas and 
Stasicka, 2000; Abu-Saba et al., 2000; Alguacil et al., 2000; Zhu et al., 2002; Dominguez 
and Arcos, 2002; Mulaudzi et al., 2002; Balasubramanian and Pugalenthi, 1999; Tunceli 
and Turker, 2002; Yang et al., 2003; Marquès et al., 2001]. Trivalent chromium (Cr3+) is 
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an essential human and animal nutrient at levels of 50 to 200 micrograms/day. Adequate 
trivalent chromium nutrition improves growth and longevity. Chromium appears to play 
an important role in the maintenance of vascular integrity. A deficiency of this metal in 
animals results in elevated serum cholesterol levels and increases atherosclerotic aortic 
plaques and produces symptoms of diabetes mellitus. Autopsies of humans have revealed 
virtually no chromium in the aortas of individuals dying of atherosclerotic heart disease, 
in comparison with normal individuals dying of other causes [http 2; Mondal et al., 2002; 
Al-Saiady et al., 2004; Sumrall and Vincent, 1997; Kingry et al., 1998]. 
 
In humans and animals, chromium (III) is an essential nutrient that plays a role in 
glucose, fat, and protein metabolism by potentiating the action of insulin. Trivalent 
chromium (Cr3+, chromium +3) is also essential for fungi and vertebrates in general. The 
biologically active form of chromium, called glucose tolerance factor (GTF), is a 
complex of chromium, nicotinic acid, and possibly amino acids (glycine, cysteine, and 
glutamic acid). GTF has been suggested to be responsible for this favorable action of 
chromium and may stabilize biological proteins in their proper configurations. Both 
humans and animals are capable of converting inactive inorganic chromium (III) 
compounds to physiologically active forms [http 2]. 
 
2.3.4.2. Toxicity 
 
Chromium is encountered in several valency states with characteristics that range from 
being an essential trace element, which is thought to be important in glucose metabolism, 
through chemically inert/biologically inactive and ultimately to being a genotoxic 
carcinogen [Ebdon et al., 2001]. The toxicity of chromium compounds is closely 
dependent on its oxidation number. Whereas trivalent Cr is essential as a trace element 
for the ordinary life of living organisms (50-200 µg/g per day is necessary), hexavalent 
Cr is known to have toxic effects on biological systems; it can in particular be a cause of 
DNA damage, cancer, or allergic reactions. As a matter of fact, Cr(VI) is not genotoxic in 
itself, but its redox behaviour produces species that are potentially toxic. The uptake-
reduction model [Cieslak-Golonka, 1995] clarifies the general mechanism of hexavalent 
Cr activity in the cellular and subcellular systems. This model postulates that Cr(VI) 
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under physiological conditions (pH = 7.4) penetrates easily into cells, being transported 
as sulfates or phosphates, considering that the tetrahedral CrO42- and pseudotetrahedral 
HCrO4- ions have structural similarity with biologically important inorganic anions SO42- 
and PO43- [Aubriet et al., 2000].  
 
Figure 2.4. Eh-pH diagram of chromium 
 
 
Chromium(III), the naturally occurring form, has low toxicity due to poor membrane 
permeability and noncorrosivity, while Cr(VI), from industrial emissions, is highly toxic 
due to strong oxidation characteristics and ready membrane permeability [Ebdon et al., 
2001; Vercoutere et al., 1996]. Both chromium III and VI (especially hexavalent) are 
significant from the standpoint of potential impacts to fish and wildlife. However, 
although chromium in general has some notoriety as a potentially harmful environmental 
contaminant, most of that notoriety is due to the toxic, carcinogenic, oxidizing agent, 
general and reproductive hazards of hexavalent chromium compounds [http 2; Vercoutere 
et al., 1996; Sahayam, 2002; Xue et al., 2000; Stein and Schwedt, 1994].  
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Many chromium compounds with a valence of 6 are called chromates, dichromates, or 
chromic acid; most have a yellow color, and all are toxic. Hexavalent chromium 
compounds tend to be oxidizers and are associated with cancer risk and kidney damage. 
Chromium +6 is unstable and can be reduced to chromium +3 by many reducing agents. 
Strong oxidizing agents can cause damage to DNA and many other tissue structures. 
Certain hexavalent chromium (Cr(VI)) compounds when administered via inhalation at 
high doses have the potential to induce lung tumors in humans and experiment animals. 
However, at low levels of exposure, hexavalent chromium ions are reduced in human 
bodily fluids such as gastric juice, epithelial lining fluid of the respiratory tract, blood, 
and other fluids, before the (VI) ions can interact with DNA, unless the dose is sufficient 
to overwhelm the body's reduction capacity [http 2; Quevauviller et al., 1995].  
 
Although chromium (III) is an essential nutrient, exposure to high levels via inhalation, 
ingestion, or dermal contact may cause some health effects. In general, the toxicity of 
trivalent chromium to mammals is low because membrane permeability is poor and it is 
noncorrosive [http 2]. 
 
The acute and chronic toxicological data regarding the behaviour of chromium have been 
derived principally from animal studies and are highly species-dependent. Table 2.4 
summarizes the available data for some hexa- and tri-valent chromium compounds. The 
behaviour of chromium metal and compounds towards biological systems is described in 
Figure 2.5 which shows that the normal end product is chromium oxide or hydroxide 
[Ebdon et al, 2001]. 
 
Hexavalent chromium compounds are strongly regulated through the Dangerous 
Substance Directive (67/548/EEC) via its progressive amendments and adaptations which 
identify hazards via standard risk (R) and safety (S) phrases on the basis of available data. 
Notably, this is one of the few EC directives which are species-specific and require 
regular speciation measurements [Ebdon et al., 2001]. 
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Table 2.4. Toxicological data for chromium compounds [Ebdon et al., 2001]. 
 
Compound Oral LD50 
mgkg-1 
Inhalation 
LC50 mg 
L-1 
Dermal 
LD50 mgkg-1
Irritancy/ 
Corrosivity 
Sodium chromate 52 0.104 1600 Not corrosive 
Sodium dichromate 51 0.156 1170 Not corrosive 
Chromic acid 52 0.217 57 Corrosive 
Chromic oxide > 5000 NA NA Not corrosive 
Basic chromium sulfate > 3500 NA NA Not corrosive 
 
The American Conference of Governmental Industrial Hygienists (ACGIH) threshold 
limit value (TLV) for Cr(III) is 0.5 mg m-3, and for Cr(VI) the soluble level is 0.05 mg m-
3 and insoluble  0.01 mg m-3, which reflects the different toxicity of both species. Acute 
exposure is indicated by immediate irritation of the eye, nose, throat, and respiratory 
tract, which results in burning, congestion, epistaxis, and cough. Ulceration, bleeding and 
erosion of the nasal septum mark chronic exposure. Cough, chest pain, dyspnea, and 
chromium-induced asthma indicate exposure to soluble chromium products. If chronic 
exposure is suspected, in conjunction with weight loss, cough, and hemoptysis, this 
suggests the development of bronchogenic carcinoma. Dermatological manifestations 
include painless, slow-healing ulceration of the fingers, knuckles, and forearms. Ingestion 
is marked by nausea, vomiting, abdominal pain, prostration and death associated with 
uremia. With extreme exposure, there is evidence of renal and hepatic damage. 
Proteinuria and hematuria precede anuria and uremia. Reduction in the Forced Expiratory 
Volume per Forced Vital Capacity (FEV1/FVC) ratio may be seen after acute exposure or 
chromium-induced asthma. Skin irritation may be confirmed with patch testing [Robson, 
2003].  
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Figure 2.5. Behaviour of chromium metal and compounds towards biological systems [Ebdon et al., 
2001] 
 
 
 
The maximum allowable concentration for chromium in drinking water is 50µg/L 
(European Community Directives 80/778/EEC, L229/20,D48). Hexavalent chromium is 
such a potent carcinogenic agent for the respiratory tract that continuous monitoring is 
imposed (Directive 90/3941/EEC on exposure to carcinogenic substances) [Quevauviller 
et al., 1995].  
 
2.3.5. Separation of chromium species 
 
The determination of the different chromium species in environmental samples at trace 
level usually requires previous chemical separation and/or preconcentration stages, in 
spite of, the increasingly more sensitive analytical instrumentation. Various methods to 
separate trivalent and hexavalent chromium have been reported in the literature such as 
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selective volatilization [Arpadjan and Krivan, 1986], coprecipitation [Ran et al, 1991; 
Wang et al., 2002; Li and Feng, 1998], solvent and solid phase extraction [Johnson, 1990; 
Sahayam, 2002; Adriá-Cerezo et al., 2000], ion-exchange separation [Subramanian, 
1988; Menéndez-Alonso et al., 1999; Wang et al., 1999], electrochemical methods [Jin 
and Yang, 1998], high-performance liquid chromatography [Martinez-Bravo et al., 2001], 
ion chromatography [Derbyshire et al., 1999] and capillary electrophoresis [Stewart and 
Olesik, 2000; Chan and Chan, 1999]. 
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Chapter 3. Analytical techniques 
3.1. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
 
Inductively coupled plasma mass spectrometry (ICP-MS) is the marriage of the 
inductively coupled plasma and mass spectrometry [Ebdon et al., 1998; Aggarwal and 
Jain, 1997]. A schematic diagram of an ICP-MS instrument is shown in Figure 3.1. In 
this combination, the ICP serves both as a sample inlet system and as an ionization source 
for the mass spectrometer to detect the ions produced. ICP-MS is ideally suited for 
elemental analysis of a wide variety of samples. The ICP provides an intense source of 
energy that achieves ionization of most elements in solutions of a wide variety of samples 
from biological to geological to environmental origins. The plasma formed in the ICP 
from an inert gas such as argon provides temperatures up to 10,000°C. The ICP operates 
at atmospheric pressure, while the mass spectrometer operates at considerably lower 
pressure of typically 10-8-10-10 atm. The ICP is able to ionize approximately 80 of the 
elements in the periodic table and when coupled to MS, provides the possibility for 
multielement analysis at detection limits frequently orders of magnitude lower than those 
achieved by emission spectroscopy [Waston, 1997]. ICP-MS performs multi-elemental 
analysis with excellent sensitivity and high sample throughput. It can simultaneously 
measure most elements in the periodic table and determine analyte concentrations down 
to the sub nanogram-per-liter (ng/L) or part-per trillion (ppt) levels. It can perform 
qualitative, semi-quantitative, and quantitative analysis, and since it employs a mass 
analyzer, it can also measure isotopic ratios [Aggarwal and Jain, 1997; Donarrd and 
Martin, 1992] 
 
3.1.1. Principles of quadrupole ICP-MS 
 
A solution of the analyte is introduced through nebulization into the ICP [Aggarwal and 
Jain, 1997; Waston, 1997] after the passage through a spray chamber, for aerosol 
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formation. As in classical applications of ICP, the sample is nebulized into the torch 
assembly, where the solutes are desolvated, atomized and finally ionized in the 
nonoxidizing and energetic medium. Here the droplets are desolvated, molecules 
decomposed and atoms ionized. Ions are sampled from the central channel of the ICP 
through the apertures in the sampling and skimmer cones, into a series of chambers held 
at consecutively lower pressures and then into the mass analyzer. The ions are focused 
through the vacuum chambers by a series of ion lenses, which are simply metal rings with 
electric potentials applied to them [Aggarwal and Jain, 1997; Waston, 1997; Evans et al., 
1995; Montaser and Golightly, 1987].  
 
Figure 3.1. A schematic diagram of an ICP-MS 
 
 
 
3.1.2. Liquid sample introduction in ICP-MS 
 
The sample introduction system facilitates the transport of liquid or solid sample material 
into the centre of the Ar plasma. A peristaltic pump is used to transport liquid samples. 
This device ensures a constant sample flow rate and allows the sample uptake rate to be 
adjusted. Liquid samples are introduced into the plasma in the form of an aerosol. 
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Various kinds of nebulisers are used to produce such sample aerosols, each with its own 
specific advantages and disadvantages for certain applications [Beauchemin et al., 2000].  
 
Most commonly, the liquid sample is introduced using a pneumatic nebulizer in 
conjunction with a spray chamber. The high velocity of the gas flow at the nebulizer 
orifice shatters the sample into droplets which are partitioned the spray chamber so that 
only the smaller droplets (2-5 µm) eventually reach the plasma, the rest of the sample 
going to a drain. The main disadvantage of this system is its low transport efficiency, 
only 1-3%, [Aggarwal and Jain, 1997; Holland and Tanner, 1997] of the nebulized 
sample actually reaches the plasma. The liquid sample introduced into the ICP must 
usually contain less than 0.1% dissolved solids to prevent salt build-up on the nickel 
cones [Ebdon rt al., 1998], although high solid nebulizers can tolerate much greater levels 
of dissolved solids and even slurries. The small aerosol droplets, containing the analyte, 
pass into the plasma via the injector tube [Evans et al., 1995; Montaser and Golightly, 
1987]. 
3.1.3. The ICP as an ion source 
 
The ICP is an ideal ion source for inorganic mass spectrometry. The highest temperature 
of the ICP ensures almost complete decomposition of the sample into its constituent 
atoms, and the ionization conditions within the ICP result in highly efficient ionization of 
most elements in the periodic table and, importantly, these ions are almost exclusively 
singly charged [Aggarwal and Jain, 1997; Ebdon et al., 1998]. The ions produced are 
extracted from the plasma into the mass spectrometer region that is held at high vacuum 
(typically 10-4 Pa). The vacuum is maintained by differential pumping: the analyte ions 
are extracted through a pair of orifices, known as the sampling and skimmer cones 
[Aggarwal and Jain, 1997, Hill, 1999].  
 
In principle, the argon ICP is capable of ionizing all elements with a first ionization 
potential below that of argon (15.8eV). Table 3.1 shows the degree of ionization for some 
selected elements in an Argon ICP [Montaser and Golightly, 1987]. One of the factors 
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that determine the detector response to an element in the sample or standard solution is 
the population of its singly charged species in the plasma. This population varies with the 
ionization potential of the element [Fisons, 1995], and can be calculated from the Saha 
equation [Aggarwal and Jain, 1997; Jenniss et al., 1997]: 
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where, 
nij   =  concentration of ionic species j 
ne   =  concentration of free electrons 
naj  =  concentration of atomic species j 
me  =  mass of the electron 
h    =  Planks constant 
k   =  Boltzmans constant 
T   =  ionization temperature 
zij  =  partition function of ionic species j 
zal  =  partition function of atomic species j 
ej   =  ionization potential of atomic species j 
 
So for a given set of instrumental conditions, the only variable in the equation is eij, the 
ionization potential for a given species. The number of electrons (ne) present in the ICP is 
equal to the sum of the ionized species in the plasma, since it is electrically neutral 
overall.  
Chapter 3. Analytical techniques   
 53
 
Table 3.1. Degree of ionization predicted from the Saha equation for some selected elements in Argon 
ICP 
 
Element Ionization potential (eV) Degree of ionizationa 
In 5.786 99.42 
Tl 6.108 99.38 
Sc 6.54 99.71 
Cr 6.766 98.89 
Pb 7.416 97.93 
Mn 7.435 97.10 
Ni 7.635 92.55 
Cu 7.726 91.59 
Co 7.86 94.83 
Cd 8.993 85.43 
Zn 9.394 74.5 
Ar 15.759 0.01341 
aAssuming local thermodynamic equilibrium, Tion(Ar) = 6680 K and ne = 1.47 x 1014 cm-3 
 
3.1.4. Quadrupole mass analyzer 
 
Once the analyte ions have been produced, they are focused by a series of ion lenses into 
a quadrupole mass analyzer, which separates the ions based on their mass/charge ratio 
(m/z). There are many different analyzers. The quadrupole mass analyzer is the mass 
spectrometer most frequently used in ICP-MS because it is relatively insensitive to the 
somewhat elevated pressures associated with the skimmer interface; also, the quadrupole 
can accommodate a relatively large spread in kinetic energies of the ions as they are 
formed in the ICP. In practice, the quadrupole is scanned in small steps, albeit very 
rapidly, with a typical mass scan from 2 to 260 m/z taking less than 100 ms [Aggarwal 
and Jain, 1997; Waston, 1997; Ebdon et al., 1998]. 
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The quadrupole is a device which uses the stability of the trajectories to separate ions 
according to their m/z ratio. Quadrupole analyzers are made up of four rods with circular 
or, ideally, hyperbolic cross-section, arranged as in the figure below (Figure 3.2). A 
positive ion entering the space between the rods will be drawn toward a negative rod. If 
the potential changes sign before it discharges itself on this rod, the ion will change 
direction. Ions traveling along the z axis are subjected to the influence of a total electric 
field made up of a quadrupolar alternative field superposed on a constant field resulting 
from the application of the potentials up on the rods [Aggarwal and Jain, 1997; Hill, 
1999; Hoffmann et al., 1996]: 
 
Φ0 = + (U  Vcos ωt) and - Φ0 = - (U  Vcos ωt) 
 
In this equation, Φ0 represents the potential applied to the rods, ω the angular frequency 
(in rad/s = 2πf, where f is the frequency of the RF field), U is the direct potential and V is 
the zero to peak amplitude of the RF voltage. Typically, U will vary from 500 to 2000 
V and V from 0 to 3000 V (from 3000 to +3000 V) peak to peak. The ions accelerated 
along the z axis enter the space between the quadrupole rods and maintain their velocity 
along this axis. However, they are submitted to accelerations along x and y that results 
from the forces induced by the electric fields: 
 
Fx = ma = m(d2x/dt2) = -ze(δΦ/δx) 
 
Fy = ma = m(d2y/dt2) = -ze(δΦ/δy) 
 
 
where m is the ion mass, a the acceleration and q = ze its charge. 
 
 Putting  
 
u = x or y, ξ = ωt/2, au = 8zeU/ mr02ω2 and qu = 4zeV/mr02ω2 
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we obtain 
 
d2u/dx2 + (au  2qu cos 2ξ)u = 0 
 
The above equations show the relationship between the coordinates of an ion and time. 
As long as x and y, which determine the position of an ion from the centre of the rods, 
both remain less than r0, the ion will be able to pass the quadrupole without touching the 
rods. Otherwise, the ion discharges itself against a rod and is not detected [Hill, 1999; 
Hoffmann et al., 1996]. 
 
The quadrupole mass analyzer has the advantage of being cheap, reliable and compact, 
with single mass resolution, which is sufficient for most applications, and is therefore the 
most commonly, used mass analyzer [Ebdon et al., 1998; Pavia et al., 1996]. It has also 
good (i.e. 30%) ion transmission efficiency [Waston, 1997]. 
 
Figure 3.2. Quadrupole mass analyzer 
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3.1.5. Ion detection 
 
The ion beam passes through the mass analyzer and is then detected and transformed into 
a usable signal by a detector. Different types of detectors exist, which can be classified in 
either of two categories. The photographic plate and the Faraday cage allow a direct 
measurement of the charges that reach the detector, whereas electron or photomultiplier 
detectors and array detectors amplify the intensity of the signal [Evans et al., 1995; Hill, 
1999; Hoffmann et al., 1996]. Nowadays, the electron multiplier equipped with discrete 
dynodes is the commonest ion detector.  
 
The Elan 5000 uses a channel electron multiplier (CEM) for ion detection. It consists of a 
curved glass tube of approximately 1 mm internal diameter with an inner resistive coating 
and a flared end. This detector is compact, robust, and tolerant of gas pressure up to 1.333 
x 10-5 mbar and is capable of counting ion pulses at a rate of 106 per second. The 
multiplier can be operated in two modes: the pulse counting mode, which is the most 
sensitive mode of operation, and the analogue mode which shows a considerably smaller 
gain. The CEM in the Elan 5000 operates in the pulse counting mode only and uses the 
OmniRange device to extend its linear dynamic range. The OmniRange device 
selectively varies (deoptimizes) the ion transmission efficiency in the lens system, 
permitting very intense ion signals to be monitored.  
 
An IBM PS/2 Model 70 computer is used to control the instrument system and to process 
data. 
3.1.6. Interferences  
 
Interferences encountered in ICP-MS can be subdivided into two categories for 
convenience. Although there is considerable overlap between the two categories and they 
share a common cause, some of the methods used to overcome them are significantly 
different [Aggarwal and Jain, 1997; Evans et al., 1995; Montaser and Golightly, 1987; 
Evans and Giglio, 1993]. 
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3.1.6.1. Spectroscopic interferences 
 
Spectroscopic interferences are caused by atomic or molecular ions that have the same 
nominal mass as the analyte, thereby interfering with the analysis by causing an 
erroneously large signal at the m/z of interest. Such interferences can be categorized 
according to their origin. First, there are interferences caused by overlapping isotopes of 
different elements. They are easy to predict and well-documented, so they can be 
overcome easily by utilizing alternative isotopes or elemental equations for analysis. The 
second category is that of molecular or polyatomic ion interferences, caused by 
polyatomic ions formed from precursors in the plasma gas, entrained atmospheric gases, 
water, acids used for dissolution, and the sample matrix. The polyatomic ions, so formed 
may then result in interferences on analytes with the same nominal m/z [Aggarwal and 
Jain, 1997; Evans et al., 1995]. Major interferences for some selected elements are 
presented in Table 3.2. 
 
Table 3.2. Major interferences for indicator isotopes of some selected elements 
 
Isotopes Major interferences 
114Cd  98Mo16O+, 98Zr16O+ 
59Co 43Ca16O+, CaOH+, 31P14N14N+, 40Ar18O1H+ 
52Cr 35Cl16O1H+, 40Ar12C+, 36Ar16O+, 38Ar14N+, 
37Cl15N+, 35Cl17O+ 
63Cu 23Na 40Ar+, 47Ti16O, 31P16O2+ 
55Mn 39K16O+, 23Na16O16O+, 38Ar17O+, 38Ar18OH+, 
38Ar17OH+,40Ar14N1H+, 37Cl18O+ 
60Ni 44Ca16O+, 23Na37Cl+ 
208Pb 190Os18O+ 
66Zn 50Ti16O+, 50V16O+, 50Cr16O+, 132Ba2+, 
34S16O16O+ 
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Interferences caused solely by the plasma gas, entrained atmospheric gases and water are 
present regardless of whether a sample is being analyzed. The most likely sources of 
polyatomic ions are: condensation reaction in the expansion region, collisional reactions 
in the boundary layer around the outside surface of the sampler and survival through the 
plasma itself, particularly with respect to refractory metal oxide ions [Evans et al., 1995]. 
  
Spectroscopic interferences become more unpredictable when constituents in the sample 
matrix and acids used for dissolution also contribute to polyatomic ion formation. It is 
futile to compile an exhaustive list of such interferences, since their magnitude depends 
on a number of factors, including instrument design, the nature of the sample and 
operating conditions. Hence, the problems caused by polyatomic interferences depend to 
a great extent on the nature of the sample and the level at which a determination must be 
made [Aggarwal and Jain, 1997; Evans et al., 1995]. Molecular interferences may also be 
avoided by using alternative, non-interfered analyte isotopes. In some cases they can be 
reduced in severity or even eliminated completely by using more appropriate sample 
introduction systems or optimizing instrument-operating conditions. The use of a 
shielded torch has been also used to overcome polyatomic ion interferences because it 
prevents capacitative coupling between the radiofrequency (rf) load coil and the plasma. 
The most obvious way to avoid interferences caused by acids used for digestion is to 
employ alternative acids [Evans et al., 1995]. The most efficient ways to cope with 
spectral overlap in ICP-MS are use of high mass resolution or chemical resolution in a 
collision/reaction cell. 
 
3.1.6.2. Non-spectroscopic (matrix) interferences  
 
Non-spectroscopic interferences form the second major group of interferences associated 
with ICP-MS. Unlike spectroscopic interferences, where the analytical signal is enhanced 
by another element or polyatomic species with the same nominal mass, a non-
spectroscopic interference is characterized by a reduction or enhancement in analyte 
signal. A number of studies concerning these non-spectroscopic interferences in ICP-MS 
have generated many conflicting reports and theories. In general, the most serious matrix 
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effects are those caused by an excess of a heavy or easily ionizable element or elements 
in the matrix, which cause suppression of the analyte signal, or in some cases its 
enhancement. Processes occurring in the plasma and/or extracted gases account for these 
effects through a combination of factors, including: sample nebulization and transport, 
ionization in the plasma, ion extraction and ion throughput in the ion beam [Aggarwal 
and Jain, 1997; Evans et al., 1995]. 
3.1.7. Methods to overcome matrix effects 
 
A number of methods are used to overcome errors due to matrix effects such as dilution, 
matrix matching, use of internal standards, standard addition, chemical separation and 
isotope dilution [Aggarwal and Jain, 1997; Vandecasteele and Block, 1993]. 
 
3.1.7.1. Dilution 
 
Dilution of the analyte solution may be used to decrease matrix effects. This, however, 
has the disadvantage that the sensitivity is decreased, so that the low detection limits 
obtainable by ICP-MS are partly sacrificed. 
 
3.1.7.2. Use of internal standards 
 
An internal standard is an element which is added in a known and preferably an equal 
concentration to all the samples and standards. The signal for the analyte element(s) in 
both sample and standard is divided by the signal for the internal standard, and this ratio 
is used subsequently as the analytical signal. This method not only allows correction for 
random fluctuations of the signal; it can also be used to correct for systematic variations 
of the analytical signal in samples and standards due to matrix effects. Accurate 
correction for matrix effect is possible only if the internal standard is chosen with a mass 
number as close as possible to that of the analyte element(s). 
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3.1.7.3. Standard addition 
 
In standard addition method, a known amount of the element(s) of interest is added to the 
sample, and hence suffers the same matrix effect as the analyte. Standard addition is a 
safe method for samples of unknown composition and thus unknown matrix effects, and 
is relatively safe. 
 
3.1.7.4. Chemical separation 
 
Chemical separations can also be used to reduce matrix effects. At the same time 
chemical separation allows preconcentration of the analyte elements and avoidance of 
spectral interference. 
 
3.1.7.5. Isotope dilution (ID) 
The ID technique involves the addition of a known amount of an enriched isotope of the 
element of interest to the sample. This addition is made prior to sample preparation 
during which the spiked addition of the enhanced isotope is 'equilibrated' with the 
sample. By measuring the isotope ratio of the sample and sample + spike isotope addition 
and knowing the isotopic ratio of the spike, the sample concentration can be calculated. 
The entire measurement is based upon ratio measurements of one isotope of the element 
to another. Drift, quenching and other related matrix effects do not present an 
interference with ID. ID is free from matrix effects (physical interference) but it is not 
interference-free in that mass interference must still be dealt with (isobaric, MO+, M++, 
etc.) in addition to correction of the signal intensity for detector dead time and mass bias 
interference [http 1].  
3.1.7.6. Matrix matching 
 
When the analysed matrix is also added to the standards, correction for matrix effects is 
possible. This method can only be applied for simple matrices, e.g. metals, but is clearly 
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not applicable for complex matrices of varying composition such as most environmental 
samples. 
3.1.8. Analytical figures of merit for ICP-MS 
 
Although Ar ICP-MS is generally recognized as the most powerful technique for the 
trace detection of metals, the equipment is costly and a number of technical and 
operational difficulties delayed the widespread acceptance of ICP-MS for routine 
analysis. Most ICP-MS instruments offer a dynamic range of nearly eight orders of 
magnitude, which overlaps the concentration ranges of graphite furnace atomic 
absorption and ICP-AES instruments. Such a wide linear range is achieved, usually 
automatically, through the use of both analogue and pulse-counting detectors [Montaser, 
1998]. The wide linear range (of up to eight orders of magnitude) available with the ICP-
MS allows samples to be diluted and offers a considerable analytical advantage in its own 
right [Waston, 1997]. The multi-element capability of ICP-MS is also one of the most 
important advantages of the technique.  
 
A number of figures of merit are unique for ICP-MS. For example, one of the main 
benefits of ICP-MS hinges on its ability to conduct routine isotopic ratio analysis. 
 
The presence of oxides and doubly charged ions in the plasma results in complex mass 
spectra, deteriorating the quantitative capability of ICP-MS in trace analysis. In the 
analysis of samples with high levels of TDS, ICP-MS instruments are more susceptible to 
instability than ICP-AES instruments. This is because the relatively cool sampler and 
skimmer provide direct contact points for sample deposition from the plasma and, 
consequently, become clogged over time when difficult matrices, such as undiluted 
seawater, are analyzed [Montaser, 1998]. 
 
Many spectral interference problems are difficult or impossible to address with argon-
based plasmas, unless costly high-resolution or collision/reaction cell instruments are 
used. Matrix effects from concomitant species, limitation of short- and long-term 
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precision, high equipment and operating costs are major challenges in ICP-MS 
[Montaser, 1998; Resano et al., 2001]. 
 
3.1.9. Environmental application of ICP-MS 
 
The use of ICP-MS for environmental analysis is increasing rapidly in the last decade 
[Aggarwal and Jain, 1997; Holland and Tanner, 1999; Holland and Eaton, 1993; Fifield 
and Kealey, 1990]. A demand exists to improve the scope, accuracy, precision and 
detectability of trace element measurement techniques in environmental materials. 
Although an ICP-MS instrument is a relatively expensive tool, its multielement 
capability, high sensitivity and high selectivity are suited for long-term monitoring of 
environmental systems [Montaser, 1998].  
3.1.10. Detection limits 
 
Undoubtedly, the main attraction of the ICP-MS technique lies in the higher elemental 
sensitivity obtainable with the MS detection than is possible with the emission method. 
Since the instrumental background noise is uniformly low across the entire mass range 
(typically 20 counts/s, for the Elan 5000) and most elements are efficiently ionized in the 
ICP (1 µg/mL of an element gives 106 counts/s, for the Elan 5000), impressive detection 
limits in the range 0.01 to 1 ng/L are obtained with the ICP-MS. These limits are superior 
to ICP-OES and better than the limits attained in electrothermal atomic absorption 
spectrometry (ETAAS) [Aggarwal and Jain, 1997]. The detection limits for some 
elements have been reported in Table 3.3 using the ICP-MS.  
 
Table 3.3. Detection limits (D.L.) for some selected elements using the ICP-MS. 
 
Isotopes D.L., µg/L  
Cd  0.003 
Co 0.0009 
Cr 0.02 
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Cu 0.003 
Mn 0.002 
Ni 0.005 
Pb 0.001 
Zn 0.003 
 
Detection limits for direct ICP-MS measurements are sufficiently good to permit the 
analysis of filtered and HNO3-acidified natural water samples for most elements without 
the application of preconcentration techniques. This feature is highly advantageous 
because large volumes of water (1-5 liter) are required for preconcentration procedures, 
making the transportation of samples from remote field locations difficult [Montaser, 
1998]. 
 
3.2. Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 
 
GFAAS is also known under various other acronyms, including electrothermal atomic 
absorption spectrometry (ETAAS) [Fifield and Kealey, 1990]. For atomic absorption to 
occur, light of the correct wavelength (energy) characteristic of the element of interest is 
absorbed by ground-state electrons, promoting them to a higher, excited state. The 
intensity of the light leaving the analytes is therefore diminished. The amount by which it 
is diminished is proportional to the number of atoms that were absorbing it. A situation 
analogous to the Beer-Lambert law is therefore obtained. This law is expressed as  
  
A = log(I0/I) = kvl log e 
 
where A is absorbance, I0 is the incident light intensity, I the transmitted light intensity, kv 
is the absorption coefficient and l is the path length. It can be shown that kv and hence A, 
are proportional to atom concentration, and the plot of absorbance against atom 
concentration is a straight line [Ebdon et al., 1998; Broekaert, 2002]. Free atoms of most 
elements can be produced from samples by the application of high temperatures. In 
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GFAAS, samples are deposited in a small graphite tube, which can then be heated to 
vaporize and atomize the analyte [Fifield and Kealey, 1990; http 2]  
 
AAS is summarized diagrammatically in Figure 3.3. The horizontal lines represent 
different energy levels in an atom. E0 is the term used for the lowest energy level, which 
is referred to as the ground state. All practical absorption measurements originate from 
atoms in the ground state. Ej refers to a higher energy level. A solid vertical line refers to 
a transition involving the absorption of energy as radiation. The energy of the radiation 
absorbed is quantized according to Planks equation, E = hv, where h is Planks constant 
(6.62 x 10-34 J s), v is the frequency of the radiation and E is the energy difference 
between the two energy levels in the atom. The frequency is related to wavelength by the 
formula λ (wavelength) = c (speed of light, 3 x 108 m s-1)/v [Ebdon et al., 1998; Ebdon, 
1982; Currell, 2000]. 
 
Figure 3.3. Summary of AAS 
 
 
 
 
3.2.1. Principle and application 
 
GFAAS is based on the same principle as direct flame atomic absorption spectroscopy 
(FAAS). In the GFAAS technique, a tube of graphite is located in the sample 
compartment of the AAS, with the light path passing through it. A small volume of 
sample solution is quantitatively placed into the tube, normally through a sample 
injection hole located in the center of the tube wall. The tube is heated through a 
programmed temperature sequence until finally the analyte present in the sample is 
dissociated into atoms. The resultant ground-state atomic vapor absorbs monochromatic 
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radiation from the source. As atoms are created and diffuse out of the tube, the 
absorbance rises and falls in a peak-shaped signal. Usually, the peak height of the 
transient absorption signal is measured using either a fast-response recorder (less than 0.2 
s for full-scale deflection) or a peak height mode on the instrument read-out. Peak area 
measurement often offers greater precision, and many instruments have such a facility 
built in [Broekaert, 2002; Ebdon, 1982]. The peak height or integrated peak area is used 
as the analytical signal for quantification [Csuros and Csuros, 2002].  
 
Numerous metals can be analyzed by GFAAS, as long as their atoms can be vaporized in 
the graphite furnace. Such elements include aluminum, arsenic, barium, boron, cadmium, 
calcium, chromium, cobalt, copper, iron, lead, lithium, magnesium, manganese, mercury, 
molybdenum, nickel, potassium, selenium, silicon, silver, sodium, titanium, terbium, 
vanadium, ytterbium, and zinc. The typical detection limits for some of the metals listed 
above are presented in Table 3.4 [http 3]. Detection limits can be very low with GFAAS 
analyses (below most of the maximum contaminant levels [MCL] for drinking water 
established by the U.S. Environmental Protection Agency (EPA) and usually are 10 to 
100 times lower than the detection limits for analyses by flame AAS. 
 
Table 3.4. Typical detection limits for metals for GFAAS 
 
Elenment Al As Cd Cr Ni Pb 
DL, µg/L 0.2 0.25 0.01 0.075 0.5 0.2 
 
In this work, GFAAS was used for speciation of chromium after separation and/or 
preconcentration of the Cr(III) and Cr(VI) species using liquid amberlite anion exchanger 
solution (see Chapter 7). 
 
3.2.2. Instrumentation 
 
A Perkin-Elmer 4100 ZL spectrometer is equipped with GF atomizer, personal computer, 
printer, cooling system, fume extraction unit and programmable sample dispenser (Figure 
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3.4). It is a high performance spectrometer, especially designed for GFAAS. It uses the 
inverse, longitudinal Zeeman effect with an alternating magnetic field, and a transversely 
heated furnace for accurate background compensation, optimum analytical reliability and 
minimization of interference. The spectrometer itself is a compact benchtop design 
incorporating all the spectrometer and Zeeman graphite furnace components into a single, 
space saving, unit. 
 
The spectrometer unit contains: the optics, including source lamps and monochromator; 
the graphite furnace in the furnace compartment; the electronics drawer with the control 
electronics for the control spectrometer system; and the Zeeman unit. The Zeeman unit 
also contains the electromagnet, the control unit for the graphite furnace and the control 
unit for the autosampler. A Model AS-70 (PerkinElmer) autosampler is used to deposit 
20 µL samples onto the platform. Hollow cathode lamps of Cr, Mo and V were operated 
at 25, 30 and 40 mA current, respectively. 
 
 
Figure 3.4. Block diagram of GFAAS 
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3.2.3. Graphite Furnace multi-step temperature program 
 
Here, the sample is introduced onto a platform which is positioned inside a small 
longitudinal furnace. The furnace then follows a controlled temperature programme in 
order to achieve the following steps [Currell, 2000; Csuros and Csuros, 2002]: 
 
1. Drying step: After the sample is placed in the furnace, it must be dried at a sufficiently 
low temperature to avoid sample splattering. Temperatures of 100 to 120°C are common 
for aqueous samples. During the drying step, the internal gas flow is left at a 300-mL/min 
value to purge out the vaporized solvent.  
 
2. Pyrolysis step: The temperature is increased as high as possible to volatilize the matrix 
components, but low enough to prevent loss of the analyte. Temperature selection 
depends on the nature of the analyte and the matrix. 
 
3. Cool-down or preatomization step: Cool the furnace prior to atomization. 
 
4. Atomization step: At this stage, the temperature is increased until the volatilized 
molecules are dissociated and produce an atomic vapor of the analyte. Atomization 
temperature is a property specific to each element and is recommended in the analytical 
procedure. Excessively high temperatures cause decreased sensitivity and shorten the 
lifetime of the graphite tube. Interrupting the internal gas flow during atomization is 
desirable. This increases the residence time of the atomic vapor in the furnace, 
maximizing sensitivity and minimizing interference. At the beginning of this step, the 
spectrometer read function is triggered to begin the measurement of light absorption.  
 
5. Clean-out step: The temperature is maintained high for a few more seconds in order to 
remove all remaining sample residue in the graphite tube before the next run [Holme and 
Peck, 1998].  
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6. Cool-down step: Allow the furnace to cool down to near-ambient temperature before 
introducing the next sample. In some systems, this step is automatical and does not need 
to be programmed.  
3.2.4. Background correction for absorption system 
 
Background absorption occurs in both flame (F) and graphite furnace (GF)-AAS due to 
the absorption and scattering of light by material other than the analyte being measured. 
For GF-AAS in particular, the background absorption is also due to scattering by 
particles produced by the complete decomposition of the sample. The amount of 
scattering is dependent on the particular sample matrix, thus making it difficult to 
produce truly representative blanks [Broekaert, 2002; Currell, 2000].  
 
Background correction is an essential process which allows correction for this additional 
unwanted absorption. There are three main methods of background correction for 
absorption system: the continuous-source, Zeeman and Smith-Hieftje methods, all of 
which rely on the fact that absorption by a free atom has a very narrow spectral line 
width, i.e. ~0.005 nm [Broekaert, 2002; Currell, 2000]. 
3.2.5. Interferences and the graphite furnace  
 
Determinations by GFAAS are subject to significant interferences [Broekaert, 2002; 
Ebdon, 1982; Csuros and Csuros, 2002; Busch and Busch, 1990]. At the beginning of 
GFAAS work, interference was accepted as an unavoidable part of the technique. Using 
todays instrumentation with new correction methodologies makes the current graphite 
furnace technology a potential and excellent tool in metals analysis. The nature and 
extent of interferences may vary in different kinds of atomizers. The problems 
encountered in the furnace type atomizers used in AAS will be considered here. 
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3.2.5.1. Physical interferences 
 
The steep thermal gradient means that any variation in the sample position (e.g., because 
of pipetting, surface tension or viscosity) will alter the atomization peak shape. Peak area 
integration will help to minimize this problem, as will a rapid-heating ramp and 
isothermal operation [Ebdon et al., 1998; Broekaert, 2002; Ebdon, 1982].  
 
3.2.5.2. Background absorption 
 
Large amounts of matrix are volatilized in a confined space. Molecules may exhibit 
absorption spectra in the region of interest; this is especially true of alkali-metal halides. 
Particulate smoke also contributes to this problem. Light emission from the incandescent 
walls may further distort the baseline. Every effort should be made to reduce background 
absorption effects in method development, e.g., by attempting to reduce matrix during the 
ashing stage [Ebdon et al., 1998; Broekaert, 2002]. 
 
3.2.5.3. Memory effect 
 
Incomplete atomization of involatile elements can sometimes cause a problem. Often this 
can be overcome by firing a so-called cleaning cycle at maximum power between 
analytical cycles [Ebdon et al., 1998; Ebdon, 1982]. 
 
3.2.5.4. Chemical interferences 
 
3.2.5.4.1. Losses of analyte as a volatile salt 
 
This is particularly likely to occur when halides are present, at the ashing or atomizing 
stage at temperatures too low to afford atomization, and can lead to losses of, for 
example, CaCl2 or PbCl2. The use of hydrochloric acid for sample dissolution should be 
avoided. If chloride is present, excess nitric acid can be added to the sample and 
hydrogen chloride boiled off during atomization. Preferably, 50% ammonium nitrate can 
be added (with care) to give the reaction 
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NaCl  +  NH4NO3    !   NaNO3  +  NH4Cl 
 
  boils at      decomposes         decomposes    sublimes 
                                             1413°C        at 210°C      at 380°C at 335°C 
 
The compounds of Group V elements are often volatile, and loss of, for example, arsenic, 
selenium and tellurium during ashing of the sample can be reduced by the addition of 
nickel, to form nickel arsenide. Such stabilization procedures are called matrix 
modification [Ebdon et al., 1998; Broekaert, 2002; Csuros and Csuros, 2002]. 
 
3.2.5.4.2. Anion and cation interferences 
 
Many of anion and cation interferences have been reported, e.g., 0.1% v/v mineral acids 
interfere with several elements. While some insights are being gained in terms of the 
theories discussed above, interferences are usually combatted by matching standards and 
samples or by the method of standard additions [Ebdon et al., 1998; Broekaert, 2002]. 
 
3.2.5.4.3. Carbide formation 
 
The apparent slow atomization of some elements may be caused by carbide formation. 
Rapid heating and a reproducible surface (e.g., a pyrolytic surface) help to reduce this 
problem, as does coating of the tube (e.g., with lanthanum using lanthanum nitrate 
solution), and the use of metallic tubes or boats [Ebdon et al., 1998]. 
 
3.2.5.4.4. Condensation 
 
Some interference appear to be vapour phase effects and are presumably due to occlusion 
of analyte elements into particles of matrix. The use of platforms in furnaces, the use of 
reactive purge gases (e.g., hydrogen) and dispersion of the matrix, e.g., by using an 
organic acid such as ascorbic acid, can in some cases reduce such interferences [Ebdon et 
al., 1998]. 
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3.2.5.4.5. Refractory oxides 
 
Signal depression can also be encountered when the matrix is refractory (e.g., zirconium, 
uranium or a rare-earth elements), and the small amounts of analyte can be physically 
trapped in clotlets of matrix oxide. 
 
3.2.6. Methods of overcoming interferences 
A number of methods are recommended for overcoming interferences in graphite furnace 
atomic absorption spectrometry. These recommendations include isothermal operation, 
the use of a matrix modifier, an integrated absorbance signal rather than peak height 
measurements, a rapid heating rate during atomization, fast electronic circuit to follow 
the transient signal and the use of a powerful background correction system such as the 
Zeeman effect system. Most of these recommendations are incorporated into virtually all 
analytical protocols nowadays and this, in conjunction with the transversely heated tubes, 
has decreased the interference effects observed considerably [Ebdon et al., 1998; Csuros 
and Csuros, 2002].  
 
3.2.7. Advantages and limitations of GFAAS 
 
The advantages of GFAAS include: greater sensitivity and lower detection limits than 
other methods (e.g., flame-AAS), direct analysis of some types of liquid samples, low 
spectral interference, very small sample size and cheapness of operation (low 
consumption of argon, graphite tube and electricity) [Ebdon et al., 1998].  
 
It is also much more automated than the other techniques in this field. The entire process 
is automated once the sample has been introduced and the furnace program initiated. 
With the use of an automatic sample changer, a completely unattended operation is 
possible. An additional benefit of the GFAAS technique is the use of microliter sample 
sizes [Csuros and Csuros, 2002]. The sensitivity of electrothermal AAS or GFAAS 
makes it ideal for trace metals analysis. The GFAAS determination of most metallic 
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element sensitivities and detection limits is 20 to 1000 times better than that of 
conventional flame techniques. Many elements can be determined at concentrations as 
low as 1.0 µg/L [Csuros and Csuros, 2002].  
 
The limitations of GFAAS include longer analysis time than flame AAS or ICP analysis, 
limited dynamic range, high matrix interference, no true field-portability, mono-element 
character, less suited for refractory elements.  
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Chapter 4. Determination of physico-chemical parameters, 
major ions and nutrients in Tinishu Akaki River, 
Ethiopia 
 
4.1. Introduction 
 
A major concern of the presence of polluting elements in the aquatic environment is the 
negative health effects they may cause in humans, animals, and plants [Munk and Faure, 
2004]. The physical and chemical characteristics of river water under natural conditions 
are influenced by a number of factors including topography, geology, and inputs through 
rainwater, water/rock interaction [Han and Liu, 2004] and climate. River systems are also 
influenced by anthropogenic factors; disturbance due to pollution and other human 
interference give rise to specific problems [Perona et al., 1999; Davide et al., 2003]. 
Moreover, the major ion and nutrients composition of river water (e.g., Ca2+, Mg2+, 
HCO3-, SO42-, NO3-, NO2-, PO43-, Cl- and NH3) reveals the nature of weathering and a 
variety of other natural and anthropogenic processes [Chen et al., 2002] such as the input 
of pollutants into the river system from non-point sources (e.g., urban runoff) and point 
sources (e.g., unlicensed discharges of effluent from different industries). Agricultural 
runoff is also an important source of pollutants in the catchments [Markich and Brown, 
1998].  
 
The knowledge of the state of the water quality of rivers and the changes produced by 
human activities is not only the first step towards prevention and creating awareness 
among the public, but also to solving water pollution problems [Perona et al., 1999].  
 
The TAR extends over very densely populated areas and is subject to intensive 
exploitation by domestic, industrial and agricultural activities. Such activities often result 
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in the introduction of nutrients and potentially hazardous levels of trace metals and 
domestic wastes into the riverine ecosystem. Once discharged into the environment, the 
behaviour and fate of polluting substances will be determined by the combined effects of 
different variables such as the compound's physicochemical properties, river hydrology, 
geology, topography, climate [Perona et al., 1999; Davide et al., 2003] and 
hydrochemistry and, possibly, interactions with the biota [Isidore et al., 2004]. Extensive 
physico-chemical analyses along with the determination of major ions and nutrients were 
performed on the TAR water samples to show the typical indicators of pollution [Isidore 
et al, 2004] such as ammonia, nitrite, COD, phosphate, sulphates, etc. The results 
obtained from the two campaigns allow an overall evaluation of water quality for the 
investigated contaminants.  
 
The primary aim of this study was to identify the relative importance of anthropogenic 
influences on water chemistry of the TAR, Ethiopia. To this end, the spatial variability of 
major ions and nutrients were examined. A secondary aim was to assess the physico-
chemical parameters of TAR and its tributaries in an attempt to fill the scientific 
information gap with respect to the pollution of TAR. 
  
4.2. Study area 
4.2.1. Geography 
 
Addis Ababa, the capital city of Ethiopia, is located in the heart of the country. It is the 
country's commercial, manufacturing, and cultural center. Cement, leather and beverage 
production are among the industrial activities in the city. Addis Ababa has grown at an 
astonishing speed since it was established in 1886. Today, it has a population of more 
than three million in a land area of 540 sq km, of which 18.2 are rural, and it lies between 
2200 and 2500 meters above sea level on the Central Ethiopian Plateau. Geographically, 
it is located at 9°N and 38°E. The city rambles pleasantly across many wooden hillsides 
and gullies cut through with fast flowing streams especially during the rainy seasons from 
July to September [http 1]. Tinishu Akaki river basin covers the Western part of the city 
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(Figure 1.1). Geologically, Addis Ababa lies on volcanic rocks ranging in composition 
from rhyolitic to basaltic types. The main stratigraphic units are constituted by basaltic, 
rhyolitic, trachytic and trachy-basaltic lava flows and welded tuffs found at different 
localities and ages [Girmay and Assefa, 1989]. 
 
4.2.2. Climate 
 
Despite its proximity to the equator, Addis Ababa enjoys a mild, Afro-Alpine temperate 
and warm temperate climate. The lowest and the highest annual average temperature are 
between 10 and 25°C. April and May are the driest months. The main rainy season occurs 
between mid June and mid September, which is responsible for 70% of the annual 
average rainfall of 1400 mm. It is characterized by intense rainfall of short duration.  
During the dry season, the days are pleasantly warm and the nights cool; in the rainy 
season, both days and nights are cool [http 2].  
4.3 Experimental 
4.3.1. Instrumentation 
 
A Mettler Toledo X-matepro unit, (Mettler Toledo, Switzerland) equipped with various 
interchangeable sensors was used for temperature; dissolved oxygen, pH, conductivity 
and total dissolved solid measurements. 
 
A HACH - Model M-45600 COD Reactor, Germany, which can digest up to 25 samples 
simultaneously, was used to digest water samples for COD measurement. The DR/2010 
(HACH, Germany) a microprocessor-controlled, single-beam, data logging 
spectrophotometer, designed for colorimetric testing, was used for measuring the COD.  
 
A BOD incubator (Stuart, UK), thermostatically controlled at 20 ± 1°C, and BOD bottles 
(VWR international, Belgium) were used to incubate water samples for five days.  
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A HACH DR/4000 U spectrophotometer (Germany) was used for the determination of 
anions and ammonia. 
4.3.2. Reagents: 
 
High level (0-1500) HACH COD Digestion vials (Germany): Sulphuric acid, 7500 ppm 
silver as a catalyst, 9700 ppm mercury (HgSO4) to complex chloride interferences and 
400 ppm chromium (Cr2O72-) per 3 ml of liquid in each vial. 
 
Phosphate buffer solution was prepared by dissolving 8.5 g KH2PO4, 21.75 g K2HPO4, 
33.4 Na2HPO4·7H2O and 1.7 g NH4Cl in distilled water and dilution to 1 liter. The pH 
was kept at about 7.2 without further adjustment. Magnesium sulfate solution was 
prepared by dissolving 22.5 g MgSO4·7H2O in distilled water and dilution to 1 liter. 
Calcium chloride solution was prepared by dissolving 27.5 g CaCl2 in distilled water and 
dilution to 1 liter. Ferric chloride solution was prepared by dissolving 0.25 g FeCl3·6H2O 
in distilled water and diluted to 1 liter. Alkaline-Iodide-Azide, Manganese sulfate, 
Sodium thiosulfate (about 0.025N), Sulfamic acid and Starch indicator solution were also 
used. All the above-mentioned reagents were obtained from VWR international, 
Belgium. 
4.3.3. Sampling 
 
Water samples for determination of the physico-chemical parameters were collected in 1 
liter polyethylene bottles (VWR international, Belgium) and investigated at each site on 
two separate sampling occasions (between November and January 2002-2003, campaign 
I, and 2003-2004, campaign II) at 23 representative sites (Figure 1.1). Sampling locations 
were evenly distributed along the course of the Tinishu Akaki River giving more 
emphasis to the most polluted sites. Water samples for major ions, nutrients and ammonia 
(Ca2+, Mg2+, HCO3-, SO42-, PO43-, NO2-, NO3-, Cl- and NH3) were taken only once, during 
the second campaign.  
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Water samples from sites with minimal anthropogenic disturbance, upstream, were also 
collected, so that changes induced by further urbanization, industrially and agriculturally 
active areas of the catchment can be detected, and an assessment can be made of potential 
environmental detriment.   
 
Water samples for assessment of COD, BOD, major ion and nutrients were taken in 1-
liter polyethylene bottles, transferred to the lab shortly after sampling and stored at 4°C in 
the dark until analysis.  
4.3.4. Procedures 
 
4.3.4.1. Physico-chemical parameters 
 
4.3.4.1.1. Field measurements 
 
Temperature, pH, dissolved oxygen, conductivity and total dissolved solid measurements 
were made in the field using a Mettler Toledo portable apparatus, calibrated at the 
beginning of the sample run using standard-buffers at field temperature and checked at 
each site. Measurements were made at each sampling site at the same time as the water 
samples were collected. For DO measurements, zero point calibration was achieved by 
immersion of the oxygen electrode in a 4% Na2SO3 solution to ensure full-scale 
calibration. It was also calibrated in the field using DO standard solution.  
 
4.3.4.1.2. In the laboratory 
 
4.3.4.1.2.1. COD  
 
Add 2 mL water sample into the COD vial. Place the vial in the preheated COD reactor 
and heat the vial for two hours at 150°C with a strong oxidizing agent, potassium 
dichromate. Oxidizable organic compounds react, reducing the dichromate ion (Cr2O72-) 
to green chromic ion (Cr3+). When the high range and high range plus colorimetric 
methods are used, the amount of Cr3+ produced is determined. Colorimetric 
determination was made at 620 nm. Blank measurements were also made following the 
same procedure as the sample.  
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4.3.4.1.2.2. BOD  
 
BOD analysis was performed according to the standard procedure (Standard Methods 
5210 B) [Clesceri et al., 1998]. A brief summary of the procedure is given here. Add a 
water sample in the clean 300-mL glass-stopper BOD bottle by allowing the sample to 
overflow to make sure no air bubbles are trapped in the bottle. Add the Manganous 
sulfate and alkaline iodide-azide reagent and carefully insert the stopper so that no air is 
trapped in the bottle. Pour any excess water off the bottle rim and invert several times to 
mix. A flocculent precipitate will form which will be brown-orange if DO is present or 
white if oxygen is absent. Allow the sample to stand until the floc has settled and the top 
half of the solution is clear. Again invert the bottle several times to mix and let stand until 
the upper half of the solution is clear. Remove the stopper and add sulfamic acid. Replace 
the stopper, being careful not to trap any air bubbles in the bottle, and invert several times 
to mix. The floc will dissolve and leave a yellow color if DO is present. Measure 200 mL 
of the prepared solution by filling a clean 250-mL graduated cylinder to the 200-mL 
mark. Pour the solution into a clean 250-mL Erlenmeyer flask. Standardize the sodium 
thiosulfate. Dissolve approximately 2g KI in a flask with 150 mL deionized water. Add a 
few drops of concentrated H2SO4 and 20 mL alkaline-iodide azide solution. Dilute to 200 
mL and titrate with thiosulfate, adding starch toward the end of titration, when a pale 
straw color is reached. Titrate the prepared sample solution with sodium thiosulfate to a 
pale yellow color. Add 2 drops of starch indicator solution and swirl to mix. A dark blue 
color will develop. Continue the titration until the solution changes from dark blue to 
colorless. The total number of mL sodium thiosulfate titrant used is equal to the mg/L 
DO. BOD value was calculated as: 
 
BOD5 =  [(DO0 - DO5)sample - ((DF - 1) / DF) × (DO0 - DO5)blank] × DF 
 
where: DO0 = initial DO concentration, mg/L, 
 
DO5 = final DO concentration after 5-days incubation, mg/L, and 
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DF = sample dilution factor = 300 mL / volume of sample used, mL. 
 
4.3.4.1.2.3. Major ions and nutrients 
 
The determinations of major ions and nutrients were performed as described elsewhere 
[Clesceri et al., 1998] and only a brief summary is provided here. The ammonia 
concentration was determined spectrophotometrically with the Nessler method (Standard 
Methods 4500-NH3 C); Nitrite concentration (NO2−) was determined 
spectrophotometrically with Diazotization method (Standard Methods 4500-NO2− A) and 
nitrate (NO3−) by reducing it to nitrite in the presence of cadmium treated with copper 
sulfate and read colorimetrically (Standard Methods 4500-NO3− E); Phosphate 
concentration was determined by a colorimetric method (Standard Methods 4500-P C, 
1992); Sulfates by using a turbidimetric method (Standard Methods 4500-SO42−); the 
Bicarbonate Alkalinity was determined by a titration method (Standard Method (2320 B); 
Chloride was determined by titration using the Mercury Nitrate Method (Standard 
Methods 4500-Cl- C); and Calcium and Magnesium were determined by an EDTA 
titration method (Standard Methods 2340) 
4.4. Results and Discussion 
4.4.1. Physico-chemical parameters: 
 
The results of the physico-chemical parameters of the TAR water samples made in situ 
and in the laboratory are summarized in Table 4.1.  
 
4.4.1.1. Temperature 
 
Determination of the water temperature is important because of its effect on other 
physical phenomena such as rate of biochemical and chemical reactions in the water 
body, reduction in solubility of gases and amplification of tastes and odours of water. The 
temperature of the water samples analyzed ranged from 12.4 to 22.1 °C and was found to 
be nearly always above the maximum permissible limit (Table 4.4) of the guidelines 
Chapter 4. Determination of physico-chemical parameters   
 84
issued by the Canadian Council of Ministers for Environment (CCME) for community 
water used as aesthetic object [http 3] and was relatively constant during this study.  
 
4.4.1.2. pH 
 
TAR has hydrogen ion concentrations near neutral to slightly alkaline pH values 7.3-8.9 
which is the usual range in river water. The slight alkalinity could possibly come from 
calcium carbonate bedrock weathering or reflects the importance of dissolution of 
limestone and dolomites in the watershed. All values are within the limits of the CCME 
guidelines for livestock watering and irrigation water [http 3] i. e., 5-9.5 and 5-9, 
respectively, and those of the WHO (Table 4.4). 
 
4.4.1.3. Electrical Conductivity  
 
The electrical conductivity is a valuable indicator of the amount of material dissolved in 
water and its value in the TAR water samples ranged from 56-1268 µS/cm. The 
recommended value [GEMS, 1988] of electrical conductivity for potable water is below 
2500 µS/cm. The lowest and the highest electrical conductivity values in TAR water 
were observed at S1 and S22, respectively. Based on the data measured during both 
campaigns, the level of electrical conductivity reflected the worsening river quality from 
up to down stream of the TAR, but within permissible limit of the WHO (Table 4.4). 
Generally, the physico-chemical parameters investigated degraded from up river to down 
river owing to a natural enrichment in electrolytes, possibly due to phenomena of 
mineralization or weathering of sediments, and probably largely due to discharge of 
industrial and domestic wastes. The water quality of the sites S6 to S23 was strongly 
degraded resulting in low dissolved oxygen and high conductivity.  
 
4.4.1.4. Total dissolved solids (TDS) 
 
The total dissolved solids (TDS) indicate the general nature of water quality or salinity. 
The TDS in the TAR and its tributaries vary from 28 to 639 mg/L with more than 84% of 
the samples having TDS greater than 100 mg/L. TDS shows negligible temporal and 
considerable spatial variations. Again, a marked increase from upstream to downstream is 
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seen. The TDS values during both campaigns are more or less comparable. The 
maximum values were obtained at S22 during both campaigns. Water samples from sites 
S7 to S23 during both campaigns, except S10 during the second campaign, showed 
values larger than that 283 mg/L which is the mean of the worlds large rivers [Han and 
Liu, 2004]. In the present investigation, the TDS values in the TAR water samples at site 
S11, S13, S22 during both campaigns and S9 during campaign II were found to be above 
the CCME guidelines for drinking water, i.e. 500 mg/L, and the rest were below this 
maximum limit. The variations in TDS in TAR can probably be related to pollution 
through the discharge of domestic and industrial wastes into the TAR. 
 
4.4.1.5. Dissolved oxygen (DO) 
 
The presence of organic matter in the water body can lead to depletion of dissolved 
oxygen (DO). A low DO value thus indicates a high pollution level and this will affect 
the life of the aquatic animals that need DO to survive. The DO concentration of the TAR 
ranged from 0.01 (S22, S23) to 6.7 mg/L (S1). In general, the DO concentration declined 
critically from up to downstream of the river, again an indication of worsening water 
quality. The levels of dissolved oxygen in all sites, except S1, were found critically low 
and do not fulfill the CCME guideline for the protection of aquatic life [http 3] i.e., 5.5-
9.5 mg/L (Table 4.4). The lower DO level, < 3 mg/L, causes anaerobic conditions and 
bad odors of the TAR. 
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4.4.1.6. Chemical and Biological Oxygen Demand (COD and BOD) 
 
The COD for the TAR water ranged from 4.0 (S4) to 533 mg/L (S21). The BOD 
varies from 2.7 (S4) to 204.5 mg/L (S21). Half of the sampling sites contained more 
than 15 mg/L of BOD values (Table 4.1), exceeding the UK general water quality 
assessment criteria (Table 4.3) and categorized under Grade F i.e. bad [Reeve, 2002]. 
The relatively high BOD at sites S7 to S9 and S17 to S23 during both campaigns; 
indicates the problem of industrial, municipal and domestic sewage pollutions at 
different locations along the river. At sites S7 to S9, S11 to S13, S15 to S23 (during 
campaign I); S6 to S9, S12, S13, and S17 to S23 (during campaign II) the water does 
not fulfill the UK water quality demand.  
 
The higher BOD values along with the lower DO (Figure 4.1) accompanied by the 
continuous input of all kinds of wastes into the TAR exceed the assimilative (the 
natural self-purification) capacity of the TAR. This in turn greatly impairs the water 
quality of the river and harms aquatic life.  
 
Figure 4.1. Trends of BOD5 and DO: (A) Campaign I and (B) Campaign II 
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B. Trends of BOD and DO, Campaign II
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4.4.2. Major ions and nutrients 
 
4.4.2.1. Calcium, Magnesium, hardness and bicarbonate 
 
Hardness of water depends mainly upon the amounts of calcium and magnesium salts 
or both. The limits of Ca and Mg ions in potable water range from 75 to 200 mg/L and 
50 to 100 mg/L, respectively, [ICMR, 1975]. Increasing water hardness generally 
decreases metal toxicity, possibly due to Ca competition for the cell surface [Guèguen 
et al., 2004]. In the present study, the Ca and Mg ion content of the TAR water 
samples ranged from 19 (S5) to 67 mg/L (S22) and 3.4 (S1) to 36 (S19) mg/L, 
respectively. The calcium ion concentration was found below the limit given by the 
CCME for livestock use (Table 4.4). The total hardness concentration of water 
samples in the TAR were also found within the maximum permissible limit of EPA 
i.e., 500 mg/L (Table 4.4). The total hardness, as CaCO3, varied from 48 (S5) to 168 
(S22).  Water samples from the different sites were found to be soft; moderately soft; 
slightly hard and moderately hard (Table 4.3), according to hardness description used 
in the UK [Reeve, 2002].  
 
The bicarbonate concentration in the TAR varied from 87 (S4) to 437 mg/L (S22). 
Alkalinity is directly related to the bicarbonate in solution when the hydrogen ion 
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concentration is low i.e., Alkalinity = [HCO3−]. The alkalinity generated within the 
TAR possibly comes from calcium carbonate bedrock weathering.  
 
Table 4.2. Results of major ion and nutrients, mg/L 
 
 Ca2+ Mg2+ Cl- SO42- HCO3- NO3- NO2- NH3 PO43- 
S4 22 3.4 4.5 10.2 87 2.64 _ _ 0.06 
S5 19 7.3 19.5 4.9 87.8 1.85 _ 0.6 0.05 
S6 45 16 22 _ 198 4.29 0.12 0.4 0.04 
S7 38 8.3 88 65.4 199 _ _ 20.8 0.85 
S8 32 11.7 108 65.7 185 _ _ 20.6 0.67 
S9 40 14.6 129 37.2 212 _ _ 17.9 0.18 
S10 37 11.2 21.5 _ 154 5.83 0.42 0.8 0.1 
S11 48 15.6 189 70.8 198 9.24 1.06 7.1 0.14 
S12 63 20.9 85 _ 381 _ 0.15 17.4 4.95 
S13 54 16 193 56.7 234 5.86 1.03 9.3 1.52 
S14 50 17 154 63.1 251 1.72 0.3 9.3 1.8 
S15 58 16.5 156 60.6 234 5.72 1.22 7.3 1.72 
S16 58 28.2 159 15.1 429 _ _ 30 14.8 
S17 64 23.8 138 39.1 332 _ _ 25.1 5.21 
S18 64 31.6 125 33.4 386 _ _ 30.4 6.05 
S19 64 36 112 28.8 395 _ _ 24 8.62 
S20 65 26.3 115 27.8 412 _ _ 28.2 7.32 
S21 64 23.3 121 25.2 417 _ _ 19.5 6.45 
S22 67 19 91 22.9 437 _ _ 34.9 9.63 
S23 61 17.5 87.5 23.3 407 _ _ 25.5 8.77 
World 
rivers*  
8.0 2.4 3.9 4.8 30.5 0.1 _ _ 0.01 
* MCNC: Most Common Natural Concentrations (median values) for minimally polluted major world 
rivers and their tributaries [Markich and Brown, 1998]. 
 
The base cations (Ca and Mg) as well as alkalinity are associated with weathering of 
the bedrock and ground water discharges [Jarvie et al., 1997] and with the extent of 
weathering linked to the reactivity of the rock, the surface area of contact between the 
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rock and the river water. Moreover, the good correlations between Ca2+ and HCO3- (r2 
= 0.84) and Ca2+ + Mg2+ and HCO3− (r2 = 0.76) suggest that calcite and dolomite 
weathering also contribute Ca ions to the river water.  
 
Table 4.3. The UK General Quality Assessment (GQA) for rivers and hardness description used 
in the UK  
 
GQA 
grade 
Description BOD 
(mg/L) 
NH3 
(mg/L N) 
Concentration 
(mg/L CaCO3) 
Description 
A Very good 2.5 0.25 0-50 Soft 
B Good 4.0 0.6 50-100 Moderately soft 
C Fairly good 6 1.3 100-150 Slightly hard 
D Fair 8 2.5 150-200 Moderately hard 
E Poor 15 9 200-300 Hard 
F Bad >15 <9 >300 Very hard 
 
Calcium and bicarbonate dominate the major ions present within the TAR. Also their 
concentrations increase from up to down stream (Table 4.2). The alkalinity varies, 
even though the pH remains relatively constant and this reflects large changes in CO2 
[Jarvie et al., 2000]. Ca2+ and alkalinity show differentiation between the relatively 
clean upstream and the polluted urban and industrial southern part of the river [Jarvie 
et al., 1997].  
 
4.4.2.2. Nitrate, nitrite, ammonia and phosphate 
 
The concentrations of nitrate and nitrite in river water, as measured were found to be 
1.7 (S14) to 9.2 mg/L (S11) and 0.1 (S6) to 1.2 mg/L (S15), respectively. According 
to the WHO [GEMS, 1988], the maximum concentration of nitrate ion for public 
water supplies is 45 mg/L. The guidelines (GL) for drinking water quality of the 
European Community [EC, 1980] provide a reference value of 25 mg/L and a 
maximum admissible limit of 50 mg/L for nitrate. The concentration of nitrate in TAR 
water samples was within these maximum permissible limits. On the other hand, the 
concentration of nitrite at S6 and S10 to S15 was above the recommended values 
given by CCME and the EC (Table 4.4). Water samples from S7 to S9, S16 to S23 
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(for nitrate and nitrite) and S4, S5 (for nitrite) were below detection limits i.e., 0.5 and 
0.01 mg/L, respectively. 
 
The ammonia content varied from 0.4 (S6) to 35 mg/L (S22). In the river water 
samples for this survey of the study area, S5, S6 and S10 were found to be fair to very 
good according to the UK water quality criteria [Reeve, 2002], while for S7-S9 and 
S11-S23 the ammonia levels were exceeded. The high level of ammonia might be due 
to the leaching of fertilizer residues used on agricultural farms into the river system. 
Important increases in ammonia concentrations, occasionally accompanied by lower 
NO3− values, suggest suboxic conditions [Guèguen et al., 2004] especially at sites S7 
to S9 and S16 to S23. 
 
 
Table 4.4. Recommended water quality Criteria 
 
Parameter Desirable limit Maximum 
permissible limit 
Organization/Body
Temperature, °C  15 CCME 
pH 7.0-8.5 6.5-9.2 WHO 
DO, mg/L 5.5-9.5  CCME 
Conductivity, 
µS/cm 
750 2500 WHO 
TDS, mg/L 500 1500 ICMR 
Nitrate, mg/L 25 50, drinking water EC 
 - 45 WHO 
Chloride, mg/L 100-700 Irrigation water CCME 
Phosphate, mg/L 0.35 6.1 EC 
 1 - WHO 
Calcium, mg/L 1000, for livestock  CCME 
Total hardness, 
mg/L CaCO3 
100 500 EPA, ICMR 
Sulphate, mg/L <1000, for livestock  CCME 
Nitrite, mg/L 0.06  CCME 
  0.1 EC 
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NH3, mg/L 1.37-2.20, for 
protection of aquatic 
life 
 CCME 
 
Ammonia provides the main form of nitrogen i.e., an average of 88.6% of the nitrogen 
species (average concentrations, 16.4, 1.9 and 0.21 mg/L for ammonia, nitrate and 
nitrite, respectively). However, these nutrient variables showed marked differences 
depending on the sampling location.  
 
The phosphate concentration in the TAR varied from 0.04 (S6) to 15 mg/L (16). 
Again, an increase in phosphate value is seen from up to downstream. Although much 
lower in concentration at S4-S15 and S17, phosphorus levels at S16 and S18-S23 
were above the maximum permissible limit value given by the European community 
i.e., 6.1 mg/L (Table 4.4). This could be possibly a consequence of urban and/or 
agricultural activities. 
 
Nevertheless, the mean concentrations of NH3 and PO43- showed distinct peaks at sites 
S16 to S23. The more pronounced phosphate peak at S16 could be possibly derived 
from urban waste discharges, sewage effluents, agricultural run-off (i.e., mainly from 
fertilizers), and slaughterhouse wastes of Kera. 
 
Phosphate and nitrate typically have short residence times in the water column after 
entering the river, primarily due to uptake by phytoplankton, but in the case of 
phosphate, adsorption to particulate matter and subsequent sedimentation is also an 
important net loss factor [Markich and Brown, 1998]. Such behaviour explains the 
discrete concentration peaks for nitrate and phosphate (Table 4.2), with minimal 
carry-over to the immediate downstream sampling sites.  
 
The high concentration levels of phosphate and nitrate ions from the high pollution 
river water source could be attributed to the leaching of fertilizer residues from 
agricultural farms and the use of phosphate additives in detergent formulations, which 
can enter into the river system during the disposal of wastewaters generated 
municipally, domestically or industrially. Moreover, significant correlation between 
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calcium and phosphate (r2 = 0.8) were observed, thus suggesting a common source for 
the polluting substances. 
 
4.4.2.3. Chloride and Sulphate 
 
Chloride ion impacts a salty taste to water. In the present study, the chloride ion 
content (Table 4.2) in TAR water samples ranged from 4.5 (S4) to 193 mg/L (S13). 
The concentration of chloride in the TAR water samples was found within the limits 
of the CCME for use as irrigation water (Table 4.4) and the limits for domestic 
purpose fixed by EPA [EPA, 1989], i.e., 250 mg/L. The possible sources of chloride 
at S13 could be municipal and domestic sewages. 
 
The sulfate ion in the river waters may have several sources, that is, dissolution of 
evaporites such as gypsum, oxidation of sulfides, and atmospheric input. The sulfate 
ion concentration in TAR ranged from 4.9 (S5) to 65.7 mg/L (S8) and all water 
samples were within the limit given by CCME for livestock use i.e., 1000 mg/L 
(Table 4.4). 
 
In general, the decreasing concentration of sulfate from site 14 to 23 was 
accompanied by an increase in bicarbonate alkalinity. In this study, no significant 
trend is observed for bicarbonate alkalinity and pH. This is partially different from 
European rivers, where an increase in sulfate concentration is mostly accompanied by 
a decrease in alkalinity and pH [Stoddard et al., 1999].  
 
The relative significance (mg/L) of the major cations and anions is: Ca2+ > Mg2+ and 
HCO3- > Cl- > SO42-, which is in accordance with the results established for the world 
rivers [Markert et al., 1997] for cations, but is different from the results established for 
the world rivers for the anions i.e., HCO3- > SO42- > Cl-. Bicarbonate is the dominant 
anion for the majority of the samples (87 to 437 mg/L). The second major anion is Cl− 
(average concentrations 106 mg/L), followed by SO42− (32.5 mg/L). So, HCO3−, Cl− 
and SO42−, together account for 98.6% of the total anions in most of these water 
samples.  
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Elevated concentrations of these ions are characteristic of both domestic and trade 
effluent, although the composition of effluent varies considerably according to the 
extent and nature of industrial activity in the sewerage area and the treatment before 
release into the receiving water.  
 
4.5. Conclusion 
 
It is evident from our findings that the water quality of the TAR shows a pattern of 
behavior linked to anthropogenic sources and reflecting the intensity of human 
pressure associated with industrial effluent, domestic wastes and agricultural 
activities. Most of the measured variables showed a similar declining quality trend 
from up to downstream of the river (Table 4.1 and 4.2).  
 
The major tributaries of the TAR such as the Leku stream (S6), Werenchiti stream 
(S12) and Kera stream (S16) also added to the pollution load of the TAR, as they are 
used as a receptacle of all kinds of wastes. 
 
Although this study identifies the relative importance of anthropogenic inputs of 
polluting components, further work is required to quantify, where necessary, the 
contributions to the pollution from the various key sources at each site. 
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Chapter 5. Simultaneous determination of trace elements in 
Tinishu Akaki River water sample, Ethiopia, by 
ICP-MS 
 
5.1. Introduction 
The importance of environmental quality in Ethiopia, generally, and in and around 
Addis Ababa, the capital of Ethiopia, in particular, has recently attracted a great deal 
of interest.  
 
The industrial units located in and at the outskirts of the city, intensive agricultural 
practices along the riversides and indiscriminate disposal of domestic and municipal 
wastes are the major sources of Tinishu Akaki River (TAR) water pollution. Exposure 
to these wastes, which contain toxic components such as metal ions, is of great 
concern as it poses not only health risks to humans, but also potentially unacceptable 
ecological risks to plants, animals and microorganisms [Miro et al., 2004].  
 
The accurate determination of trace elements in a variety of environmental samples 
has received considerable attention in the battle against environmental pollution [Lee 
and Choi, 2001]. For the determination of trace elements, various methods, including 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [Hill et al., 2004], Electro-
thermal Atomic Absorption Spectrometry [Kagaya et al., 2003], Instrumental Neutron 
Activation Analysis [Ewa et al., 2002], Total Reflection X-Ray Fluorescence 
Spectrometry [Dogan and Soylak, 2002] and Hydride Generation Atomic 
Fluorescence Spectroscopy [Townsend et al., 2001] have been used.  
 
ICP-MS has proved to be a powerful and most useful technique for the simultaneous 
determination of trace elements, and can thus be of particular importance for fast 
screening of metal profiles at low concentrations in environmental water and in a wide 
range of other matrices [Miro et al., 2004; Louie et al., 2002; Chen and Jiang, 2000]. 
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It also offers exceptional sensitivity [Ho and Jiang, 2002] and excellent detection 
limits [Fernandez-Turiel et al., 2000; Brenner and Taylor, 1992; Reimann et al., 1999; 
Vanhaecke, 2002]. The analytical capability of ICP-MS in the field of trace element 
analysis in water, has led to widespread use of the technique for routine water 
analysis. Thus, for example, the USEPA (United States Environmental Protection 
Agency) Method 200.8 uses ICP-MS to test for many trace elements in water [Creed 
et al., 1994]. 
 
Highly saline solutions, however, can cause some problems, such as clogging of the 
sampling orifice as well as spectroscopic and non-spectroscopic interferences [Chen 
and Jiang, 2000; Lee et al., 2000; Hwang and Jiang, 1997]. Sample dilution, in 
general, is a possibility to alleviate matrix effects [Lee et al., 2000]. In this work, ICP-
MS was used for the simultaneous determination of eight elements after 2 or 50-fold 
dilution. 
 
The principal objective of the present study is to investigate the input and distribution 
of trace elements and examine the pollution levels of Tinishu Akaki River with 
respect to important heavy metals namely Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn. 
5.2. Study area 
5.2.1. Geography 
 
Addis Ababa, the capital city of Ethiopia, is located in the heart of the country. It is 
the country's commercial, manufacturing, and cultural center. Cement, leather and 
beverage production are among the industrial activities in the city. Addis Ababa has 
grown at an astonishing speed since it was established in 1886. Today, it has a 
population of more than three million in a land area of 540 sq km, of which 18.2 are 
rural, and it lies between 2200 and 2500 meters above sea level on the Central 
Ethiopian Plateau. Geographically, it is located at 9°N and 38°E. The city rambles 
pleasantly across many wooden hillsides and gullies cut through with fast flowing 
streams especially during the rainy seasons from July to September [http 1]. Tinishu 
Akaki river basin covers the Western part of the city (Fig. 1.1). Geologically, Addis 
Ababa lies on volcanic rocks ranging in composition from rhyolitic to basaltic types. 
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The main stratigraphic units are constituted by basaltic, rhyolitic, trachytic and trachy-
basaltic lava flows and welded tuffs found at different localities and ages [Girmay and 
Assefa, 1989]. 
5.2.2. Climate 
 
Despite its proximity to the equator, Addis Ababa enjoys a mild, Afro-Alpine 
temperate and warm temperate climate. The lowest and the highest annual average 
temperature are between 10 and 250C. April and May are the driest months. The main 
rainy season occurs between mid June and mid September, which is responsible for 
70% of the annual average rainfall of 1400 mm. It is characterized by intense rainfall 
of short duration.  During the dry season, the days are pleasantly warm and the nights 
cool; in the rainy season both days and nights are cool [http 2].  
 
5.3. Experimental 
5.3.1. Instrumentation 
 
5.3.1.1. ICP-MS 
 
The instrument used is a Perkin Elmer Sciex Elan 5000 ICP-mass spectrometer 
(Perkin- Elmer, überlingen, Germany) equipped with quartz torch, nickel sampler and 
skimmer cones, a peristaltic pump (maintaining a 1 mL min-1 sample uptake rate), a 
cross-flow type pneumatic nebulizer and a double pass Scott-type spray chamber. 
Operating conditions are summarized in Table 5.1.  
 
Table 5.1. ICP-MS operating conditions 
 
RF power (W) 1000 
Plasma argon, L min-1 15  
Nebulizer flow, L min-1 0.9  1  
Auxiliary gas flow rate, L min-1 1.2 
Sample uptake rate, L min-1 1.2 
Number of points/Spectral peak 1 
Total acquisition time  428 
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Nuclides monitored 1 
Nebulizer Cross flow 
Data Peak hop transient 
Resolution  Normal 
Dwell time (ms) 50 
Number of replicates 3 
Calibration mode External calibration 
 
5.3.1.2. Microwave digestion system 
 
For the digestion of water samples, a microwave digestion system (MLS-1200 
MEGA, Milestone, USA) with MDR (Microwave Digestion Rotors) technology was 
used with TFM (Tetrafluormethaxil) vessels. 
5.3.2. Reagents and standard solution 
 
All reagents were of analyticalreagent grade, unless stated otherwise. Water was 
doubly distilled and further purified using a Milli-Q water purification system 
(Millipore, USA). Nitric acid was purified by sub-boiling distillation in quartz 
equipment. Analytical multi-element standard solutions were prepared by diluting 
single and multi-element standard solution (Merck) containing 1g L-1 metal ions for 
ICP-MS. A stock internal standard solution containing 10 µg mL-1 of In, Sc and Tl 
each was prepared from single-element standard solutions (1000 µg mL-1) for ICP-
MS. Where necessary, standards and samples were diluted with 0.14 M HNO3.  
5.3.3. Certified reference material 
 
The certified reference materials trace elements in riverine water (SLRS-4) and 
wastewater (BCR 713 and BCR 714) obtained from the National Research Council 
Canada and the Institute for Reference Materials and Measurements (IRMM), Geel, 
Belgium, respectively, were used to evaluate the accuracy of the proposed method for 
trace element determination. 
Chapter 5. Simultaneous determination of trace elements in TAR water   
 102
 
5.3.4. Sampling and pretreatment of samples  
 
A short-term field survey of Tinishu Akaki River was carried out in order to locate the 
important sources of pollution. The study area and the location of sampling stations 
are shown in Figure 1.1. Stations for the collection of river water samples include 
locations along some of the tributaries that enter the river as well as along the main 
stem of the river. Samples of river water from twenty-three sampling stations along 
the Tinishu Akaki River and its tributaries were collected during the period between 
December 2002 to January 2003 (first campaign) and November 2003 to January 
2004 (second campaign). At each sampling location, about 1 liter of water sample was 
taken from the upper 50 cm [Olajire and Imeokparia, 2001] surface of the river using 
polyethylene buckets that had been pre-cleaned and rinsed with river water and then 
transferred to polyethylene bottles. Shortly after sampling, the water samples were 
filtered using a 0.45 µm pore-size membrane filters (NALG, Belgium). Filtered 
samples were collected in pre-cleaned, high-density polyethylene bottles and acidified 
to pH < 2 with concentrated nitric acid (Merck, Belgium). Storage and treatment 
procedures of water samples were described elsewhere by Bartram and Balance 
[Bartram and Balance, 1996]. Finally, the preserved samples were transported to the 
Laboratory of Analytical Chemistry, Belgium. In each sample, the concentrations of 
eight elements were measured by ICPMS. The isotopes monitored were 114Cd, 59Co, 
52Cr, 63Cu, 55Mn, 60Ni, 208Pb and 66Zn. These isotopes are believed to be free from 
polyatomic interferences or the effects of these interferences are usually negligible in 
water samples. The 8 elements were chosen for analysis taking into consideration 
existing analytical expertise and the history of human activity in Tinishu Akaki River. 
5.3.5. Physicochemical parameters, major ions and nutrients 
 
During each sampling period, corresponding values of pH, temperature, electrical 
conductivity, dissolved oxygen and total dissolved solids (TDS) were measured in situ 
using an X-matepro portable meter and its various interchangeable sensors, (Mettler 
Toledo, Switzerland) (Chapter 4). Further samples were collected for the 
determination of major ions and nutrients such as calcium, magnesium, nitrate, nitrite, 
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ammonia, sulfate, phosphate, bicarbonate and chloride. The analyses of major ions 
and nutrients were performed as described elsewhere [Clesceri et al., 1998]. 
5.3.6. Analytical procedure for trace element analysis by ICP-MS 
 
Ion lens voltages of the instrument and the plasma operating conditions such as the 
nebulizer flow rate, the position of the torch and RF power were optimized while 
continuously nebulizing a 50 ppb multi-element standard solution of Be, Co, Rh, In, 
Pb and Tl so as to maximize the 103Rh and 115In signals. The ion lens voltages were 
chosen each time the sampler and skimmer were replaced and/or cleaned. The plasma 
operating conditions were selected to obtain a good compromise between high 
sensitivity and low oxide levels.  
5.3.7. Calibration 
 
External calibration was accomplished by using a blank and a standard solution with 
the 8 trace elements, the concentration of which was close to the estimated one for the 
analyte considered. The matrix of the blank and the standard solution was 0.14 M 
HNO3. The following analysis sequence was applied: first the blank, then several 
samples and only at the end of the sequence, the standard. The blank intensity was 
subtracted from both the standard and the sample intensities. When standard addition 
was applied, each analysis was done by using the intensities obtained by subtracting 
the blank intensity from that of the unspiked and spiked solutions. Internal standards 
were always used to allow a correction for intensity drift and matrix effects. 
 
For ICPMS measurements, 0.2-5 mL of sample was pipetted into a 10 mL 
polyethylene tube. Then 50 µL of 10 mg L-1 Sc, In and Tl was added as internal 
standard and the volume was adjusted to 10 mL with 0.14 M HNO3. Blank and 100 
µg L-1 multi-element standard measurements were carried out, as well.   
5.3.8. Microwave digestion 
 
To reduce matrix effects and clogging of the skimmer, samples may be digested 
before analysis. To test the need for a laborious sample digestion, one reference 
material was analysed with and without microwave digestion. 50 mL of Riverine 
water reference material (SLRS-4) was introduced directly into the digestion vessel 
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and 3 mL of concentrated HNO3 and 2 mL of 28% H2O2 (Merck Euro lab, Belgium) 
were added. The sealed vessels were placed inside a rotor of the microwave digestion 
system and submitted to a microwave dissolution program [Gueguen et al., 2004]: 2 
min at 200 W, 10 min at 800 W, 10 min at 250 W and 5 min vent at zero W. 
Appropriate batch blanks were prepared with each set of sample. After cooling, the 
digest was transferred to a graduated flask.  
 
5.4. Results and Discussion 
 
5.4.1. Optimization of analytical procedure: internal standard and 
calibration method 
 
5.4.1.1. Choice of Internal Standard 
 
A number of studies have investigated the analysis of trace elements in water samples 
[Townsend et al., 2001; Moens et al., 1994].These studies have typically combined a 
careful choice of internal standard with dilution to minimize matrix-induced signal 
suppression or enhancement and to correct, for signal drift and for instrumental 
instability. Sample dilution is believed to be necessary to avoid rapid blockage of the 
torch and of the pneumatic nebulizer and to reduce the extent of signal suppression 
due to the matrix. 
 
 In order to obtain accurate results, the internal standard should closely match the 
analyte in terms of mass number and ionization potential as cited in previous work by 
Moens and Dams [Moens and Dams, 1995], among others. This is clearly confirmed 
by the results obtained in this work. 
 
Since the analyte elements are spread over a wide range of atomic masses, three 
internal standards Sc, In and Tl were selected for Co, Cr, Cu, Mn, Ni and Zn; Cd; and 
Pb, respectively. Accurate and precise values were obtained for the certified reference 
materials SLRS-4, BCR 713 and BCR 714 using the internal standards mentioned 
above.  
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5.4.1.2. Calibration methods 
 
In addition to internal standardization, three calibration methods can be used in 
ICPMS, namely, external calibration, standard addition and isotope dilution methods. 
Two of the three calibration methods, external calibration and standard addition, were 
investigated in this work. Standard addition is widely known for improving the 
accuracy in presence of a heavy matrix [Abbyad et al., 2001]. In many cases, external 
calibration is sufficient, on condition that an appropriate internal standard is chosen 
that may also correct for multiplicative matrix effects. Both methods yielded 
comparable results with a comparable precision as shown in Table 5.2; the less time 
consuming external calibration method was thus used for further analyses [Moens et 
al., 1994]. 
 
The digestion of water samples with HNO3/H2O2 demonstrated good recoveries of 
almost all trace elements in the CRM of riverine water origin (Tables 5.2 and 5.3). 
However, the microwave digestion procedure is laborious and susceptible to 
contamination. Therefore, the rest of the analyses were conducted following external 
calibration after simple dilution of samples. 
5.4.2. Validation 
 
In order to validate the procedure for its accuracy, the optimized analytical procedures 
were applied to various certified materials: riverine water (SLRS-4) and wastewater 
(BCR 713 and BCR 714). The results obtained by using the two different calibration 
methods are summarized in Tables 5.2 and 5.3 together with the certified values, for 
the determinations done after simple dilution and after microwave digestion. Working 
with smaller dilution factors (2-fold) for SLRS-4 would also help to elevate ICP-MS 
signals of Cd and Pb above measured blank levels. The microwave digestion method 
for SLRS-4 was performed using the external calibration technique. From these 
results it appears that microwave digestion is not required for pristine water samples. 
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The ICP-MS precision was usually better than 5 %RSD in most cases and deteriorated 
(up to 13 and 11.8 % for Cd and Zn in SLRS-4, respectively. In the case of 
microwave digestion method the precision was better than 9% except for Pb, namely 
16.6 %RSD. For wastewater reference materials, the precision was better than 5 
%RSD and 9 %RSD for BCR 713 and BCR 714 (except Zn, 23.4%), respectively. 
The Zn-value for BCR-714 was obviously too high owing to strong spectral 
interferences.  
 
When the accuracy is evaluated by comparing the results with the certified values of 
reference materials nearly all measured values fall within the 95 % confidence 
interval. The differences between measured and certified values in SLRS-4, BCR 713 
and BCR 714 are usually less than ± 9 %, however, the accuracy for Ni and Pb in 
SLRS-4 is poor (± 16-21, 29-41 %, respectively, Table 5.2). The accuracy for Zn, in 
BCR 713 and Cd, in BCR 714 was deteriorated with deviations of 13.6% and even a 
factor of 3.2 (Table 5.3). Zn has been identified as a difficult element to measure 
accurately in BCR 714, influent wastewater of high concentration. The precision 
obtained was very low but probably also a strong unidentified spectral interference 
was present. It can be concluded that for this determination monitoring another 
isotopes, mathematical correction, application of a chemical separation or the use of 
high resolution ICP-MS is required. 
 
The method of standard addition, in general, provides more accurate results than 
external calibration as it compensates for matrix effects. 
 
Ch
ap
te
r 5
. S
im
ul
ta
ne
ou
s d
et
er
m
in
at
io
n 
of
 tr
ac
e 
el
em
en
ts 
in
 T
AR
 w
at
er
 
 
 
10
8
 Ta
bl
e 
5.
3.
 A
na
ly
sis
 o
f w
as
te
w
at
er
 r
ef
er
en
ce
 m
at
er
ia
ls
 b
y 
st
an
da
rd
 a
dd
iti
on
 
            
* 
V
al
ue
s i
n 
m
g 
L-
1 
 
C
on
ce
nt
ra
tio
n 
(µ
g 
L-
1 )
, 9
5 
%
 C
.I.
, (
n 
= 
3)
 
B
C
R
 7
13
, E
ffl
ue
nt
 W
as
te
w
at
er
 
B
C
R
 7
14
, I
nf
lu
en
t w
as
te
w
at
er
 
Is
ot
op
e 
 a
na
ly
se
d 
 
R
es
ul
t 
C
er
tif
ie
d 
va
lu
e 
%
 
D
ev
ia
tio
n 
R
es
ul
t 
C
er
tif
ie
d 
va
lu
e
%
 
D
ev
ia
tio
n 
11
4 C
d 
5.
2 
± 
0.
4 
5.
1 
± 
0.
4 
1.
9 
17
.4
 ±
 2
.7
 
19
.9
 ±
 1
.6
 
-1
2.
5 
52
C
r  
22
.1
 ±
 1
.4
 
21
.9
 ±
 2
.4
 
1.
1 
12
1 
± 
12
 
12
3 
± 
10
 
-1
.6
 
63
C
u 
69
 ±
 7
 
69
 ±
 4
 
0 
32
9 
± 
21
 
30
9 
± 
23
 
6.
5 
55
M
n 
44
.7
 ±
 3
.6
 
43
.4
 ±
 3
.0
 
3 
96
 ±
 7
 
10
3 
± 
10
 
-6
.8
 
60
N
i 
31
 ±
 2
 
30
 ±
 5
 
3.
3 
11
2 
± 
14
 
10
8 
± 
15
 
3.
7 
20
8 P
b 
47
 ±
 3
 
47
 ±
 4
 
0 
14
3 
± 
13
 
14
5 
± 
11
 
-1
.3
 
66
Zn
*   
0.
19
 ±
 0
.0
3 
0.
22
 ±
 0
.0
4 
-1
3.
6 
3.
20
 ±
 1
.3
8 
1.
00
 ±
 0
.1
0 
 
22
0 
 Chapter 5. Simultaneous determination of trace elements in TAR water  
 109
 
5.4.3. Detection Limits 
 
Limits of detection were estimated as the concentrations corresponding to three-times 
the standard deviation, σ, of the intensities of the blank signals at the m/z of each 
analyte, where a 0.14 M nitric acid solution was used as a blank; they are summarized 
in Table 5.4. The average values and the standard deviation of the blank signals were 
obtained by using the results of 10 replicate measurements of 0.14 M nitric acid and 5 
measurements of 100 µg L-1 standards. The limits of detections for most elements 
ranged from 0.001 to 0.01 µg L-1.  
 
Table 5.4. Detection Limit (µg L-1) of the procedure 
 
Element Cd Co Cr Cu Mn Ni Pb Zn 
DLs 0.001 0.001 0.010 0.002 0.002 0.004 0.005 0.031 
 
5.4.4. Analysis of Tinishu Akaki River (TAR) water samples 
 
The optimized method was applied for the analysis of Tinishu Akaki River water 
samples following the external calibration procedure after simple dilution as 
previously described for certified reference materials of riverine water.  
 
Table 5.5 shows that 8 elements could be determined simultaneously after 2 or 50-
fold dilution of TAR water. The 2-fold dilution was applied to all elements except 
Mn. A dilution factor of 50 was used for manganese, especially for water samples 
taken from S9  S23, in order to avoid too high signals for the detector to measure it 
adequately.  
 
The relative standard deviation was less than 5% for most of the elements, but 
sometimes deteriorated to 19 % for Cd and Pb as their concentration is low in the 
water samples. However, natural waters are more complex in chemical composition 
than the reference materials. The main chemical composition of waters considered in 
this study showed a range of pH (7.2 - 8.9), TDS (28 - 639 mg L-1), Ca (19  67 mg L-
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1), Mg (3  32 mg L-1), bicarbonate (87 437 mg L-1), chloride (4.5  193 mg L-1), 
sulfate (4.9  71 mg L-1) and nitrate (1.7  9 mg L-1). 
 
Table 5.5. Dissolved trace metal concentrations, µg L-1, in the Tinishu Akaki River 
 
Concentrations (95 % C.I.) Sampling 
site            
Campaign 
Cd Co Cr Cu Mn Ni Pb Zn 
I - - - - - - - - S1 
II 0.005 
(0.001) 
0.32 
(0.003) 
0.13 
(0.01) 
2.08 
(0.07) 
158 
(1) 
3.87 
(0.05) 
0.06 
(0.013) 
11.67 
(0.06) 
I 0.003 
(0.001) 
0.45 
(0.02) 
0.32 
(0.01) 
1.07 
(0.05) 
236 
(3) 
1.35 
(0.07) 
0.055 
(0.001) 
7.67 
(0.19) 
S2 
II 0.063 
(0.001) 
0.42 
(0.01) 
0.42 
(0.01) 
15.84 
(0.04) 
99.1 
(0.4) 
2.25 
(0.03) 
1.69 
(0.01) 
66.57 
(0.68) 
I 0.009 
(0.001) 
0.23 
(0.01) 
0.32 
(0.01) 
1.1 
(0.10) 85 (1) 
1.09 
(0.03) 
0.059 
(0.013) 
7.75 
(1.15) 
S3 
II 0.016 
(0.001) 
0.202 
(0.004) 
0.43 
(0.01) 
5.01 
(0.04) 
51.2 
(0.5) 
2.84 
(0.04) 
0.5 
(0.03) 
11.86 
(0.1) 
S4 I 0.005 
(0.001) 
0.25 
(0.01) 
0.36 
(0.02) 
1.13 
(0.03) 88 (2) 
1.09 
(0.06) 
0.041 
(0.008) 
3.02 
 (0.19) 
 II 0.045 
(0.003) 
0.190 
(0.004) 
0.22 
(0.01) 
8.62 
(0.07) 
40.5 
(0.1) 
1.42 
(0.03) 
0.62 
(0.01) 
43.14 
(0.36) 
S5 I 0.006 
(0.001) 
0.35 
(0.01) 
0.34 
(0.01) 
1.22 
(0.01) 
131 
(1) 
1.0 
(0.1) 
0.057 
(0.008) 
2.43 
(0.01) 
 II 0.004 
(0.001) 
0.29 
(0.004) 
0.45 
(0.02) 
1.22 
(0.05) 
72 
(0.3) 
1.47 
(0.03) 
0.17 
(0.01) 
2.19 
(0.05) 
S6 I 0.003 
(0.001) 
0.28 
(0.01) 
2.79 
(0.02) 
10.02 
(0.11) 75 (1) 
1.08 
(0.03) 
0.96 
(0.03) 
23.63 
(0.31) 
 II 0.03 
(0.004) 
1.374 
(0.008) 
14.42 
(0.04) 
8.6 
(0.1) 
283.6 
(1.2) 
3.88 
(0.32) 
1.22 
(0.08) 
27.87 
(0.38) 
S7 I 0.024 
(0.001) 
0.58 
(0.01) 
110.9 
(0.7) 
13.34 
(0.42) 
103 
(1) 
1.67 
(0.04) 
3.36 
(0.06) 
22.46 
(0.79) 
 
 Chapter 5. Simultaneous determination of trace elements in TAR water  
 111
Table 5 (Continued) 
 
 II 0.032 
(0.001) 
0.43 
(0.006) 
264.2 
(2.2) 
1.24 
(0.12) 
28.2 
(0.2) 
1.62 
(0.02) 
0.09 
(0.01) 
5.23 
(0.31) 
I 0.022 
(0.006) 
0.52 
(0.01) 
104.3 
(1.1) 
4.07 
(0.29) 138 (2) 
2.18 
(0.11) 
0.31 
(0.04) 
12.96 
(2.02) 
S8 
II 0.02 
(0.004) 
0.52 
(0.01) 
189.01 
(1.22) 
2.16 
(0.04) 51 (0.4) 
3.07 
(0.07) 
0.046 
(0.01) 
8.98 
(0.15) 
I 0.056 
(0.007) 
0.74 
(0.02) 
50.43 
(0.71) 
2.81 
(0.07) 444 (6) 
2.14 
(0.13) 
0.304 
(0.076) 
8.49 
(0.44) 
S9 
II 0.007 
(0.002) 
1.23 
(0.02) 
97.37 
(0.83) 
1.78 
(0.1) 717 (10) 
3.4 
(0.1) 
0.07 
(0.01) 
4.91 
(0.28) 
I 0.012 
(0.001) 
1.9 
(0.01) 
9.63 
(0.11) 
1.83 
(0.11) 
1463 
(65) 
3.14 
(0.06) 
0.155 
(0.022) 
4.5 
(0.15) 
S10 
II 0.019 
(0.002) 
1.16 
(0.01) 
0.09 
(0.01) 
0.55 
(0.03) 1032 (6) 
3.67 
(0.08) 
0.026 
(0.007) 
2.26 
(0.06) 
I 0.009 
(0.001) 
1.41 
(0.01) 
9.97 
(0.08) 
2.60 
(0.11) 
1114 
(90) 
3.08 
(0.04) 
0.11 
(0.01) 
10.95 
(0.19) 
S11 
II 0.016 
(0.002) 
2.3 
(0.03) 
6.99 
(0.03) 
5.53 
(0.1) 906 (5) 
5.13 
(0.08) 
0.44 
(0.02) 
24.3 
(0.9) 
I 0.01 
(0.001) 
1.94 
(0.04) 
0.95 
(0.06) 
17.09 
(0.19) 
1825 
(24) 
4.35 
(0.19) 
6.22 
(0.31) 
28.78 
(1.03) 
S12 
II 0.004 
(0.001) 
4.93 
(0.03) 
1.02 
(0.02) 
0.84 
(0.04) 
2909 
(10) 
7.58 
(0.09) 
0.07 
(0.01) 
3.98 
(0.21) 
I 0.02 
(0.001) 
1.63 
(0.03) 
7.65 
(0.17) 
2.5 
(0.32) 955 (16) 
4.42 
(0.1) 
0.09 
(0.01) 
2.11 
(0.28) 
S13 
II 0.007 
(0.001) 
2.34 
(0.01) 
4.92 
(0.03) 
1.54 
(0.04) 1071 (4) 
5.37 
(0.06) 
0.023 
(0.003) 
1.74 
(0.13) 
I 0.008 
(0.001) 
1.41 
(0.01) 
4.30 
(0.06) 
2.67 
(0.07) 
1224 
(12) 
3.49 
(0.05) 
0.258 
(0.018) 
3.24 
(0.08) 
S14 
II 0.004 
(0.001) 
2.34 
(0.04) 
3.05 
(0.07) 
1.57 
(0.19) 1198 (5) 
5.83 
(0.23) 
0.054 
(0.004) 
2.25 
(0.06) 
I 0.002 
(0.001) 
1.32 
(0.04) 
2.50 
(0.08) 
8.73 
(0.31) 
1236 
(11) 
4.71 
(0.3) 
1.73 
(0.18) 
16.69 
(3.06) 
S15 
II 0.005 
(0.001) 
1.67 
(0.02) 
2.47 
(0.04) 
0.90 
(0.05) 940 (9) 
3.97 
(0.03) 
0.043 
(0.006) 
2.68 
(0.16) 
I - - - - - - - - S16 
II 0.032 
(0.004) 
2.78 
(0.01) 
1.32 
(0.01) 
1.6 
(0.17) 1297 (7) 
5.36 
(0.06) 
0.55 
(0.06) 
8.74 
(0.14) 
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Table 5 (Continued) 
 
I 0.011 
(0.001) 
4.6 
(0.04) 
1.41 
(0.06) 
7.65 
(0.21) 
1101 
(42) 
7.89 
(0.13) 
2.66 
(0.08) 
13.4 
(0.97) 
S17 
II 0.031 
(0.003) 
2.64 
(0.04) 
1.67 
(0.06) 
1.31 
(0.04) 
1590 
(79) 
5.27 
(0.18) 
0.35 
(0.01) 
6.09 
(0.11) 
I 0.007 
(0.001) 
2.85 
(0.04) 
1.72 
(0.07) 
1.11 
(0.11) 
1727 
(17) 
5.87 
(0.1) 
0.144 
(0.018) 
2.57 
(0.08) 
S18 
II 0.011 
(0.001) 
2.72 
(0.04) 
1.29 
(0.06) 
1.61 
(0.06) 
1510 
(31) 
7.6 
(0.2) 
0.141 
(0.01) 
5.76 
(0.5) 
I 0.037 
(0.004) 
2.32 
(0.03) 
2.06 
(0.11) 
1.09 
(0.04) 1586 (9) 
4.36 
(0.13) 
0.15 
(0.01) 
2.34 
(0.17) 
S19 
II 0.023 
(0.003) 
2.36 
(0.01) 
2.06 
(0.03) 
5.89 
(0.06) 
1460 
(25) 
5.05 
(0.06) 
1.11 
(0.01) 
18.49 
(0.3) 
I 1.17 
(0.065) 
3.63 
(0.06) 
1.48 
(0.07) 
27.76 
(0.14) 
1220  
 (5) 
19.48 
(0.18) 
4.92 
(0.39) 
593.82 
(1.81) 
S20 
II 0.057 
(0.004) 
2.98 
(0.01) 
1.88 
(0.03) 
11.2 
(0.93) 
1610 
(19) 
6.37 
(0.03) 
1.77 
(0.11) 
27.59 
(1) 
I 0.021 
(0.001) 
3.71 
(0.05) 
2.69 
(0.04) 
2.63 
(0.15) 
1737 
(18) 
8.81 
(0.22) 
3.28 
(0.19) 
8.56 
(0.31) 
S21 
II 0.034 
(0.006) 
3.04 
(0.04) 
2.43 
(0.03) 
6.47 
(0.11) 
1567 
(39) 
5.59 
(0.07) 
1.34 
(0.08) 
18.44 
(0.36) 
I 0.017 
(0.004) 
3.38 
(0.02) 
11.26 
(0.07) 
1.69 
(0.07) 
1911 
(40) 
7.54 
(0.1) 
0.235 
(0.024) 
2.74 
(0.44) 
S22 
II 0.074 
(0.004) 
3.77 
(0.04) 
54.22 
(0.21) 
20.76 
(0.08) 
1897 
(21) 
7.53 
(0.04) 
4.73 
(0.13) 
70.1 
(0.5) 
I 0.018 
(0.003) 
4.05 
(0.03) 
3.07 
(0.08) 
3.26 
(0.04) 
1250 
(38) 
9.07 
(0.11) 
0.159 
(0.014) 
6.11 
(0.23) 
S23 
II 0.051 
(0.004) 
2.63 
(0.08) 
8.51 
(0.14) 
14.9 
(1.1) 
1397 
(14) 
7.6 
(0.3) 
1.3 
(0.06) 
35.42 
(0.92) 
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I 0.070 1.788 15.64 5.49 854.2 4.66 1.202 37.34 Mean for all 
sampling points II 0.026 1.850 28.63 5.27 951.5 4.60 0.713 17.84 
Surface water quality 
standard class 2  4 
5* 
50** - 50 100 1000 100 50 1000 
Irrigation water 10 50 100 200 200 200 5000 2000 
* When water hardness is not more than 100 mg L-1 as CaCO3 
** When water hardness is more than 100 mg L-1 as CaCO3 
 
The concentration of trace elements of TAR water shows a pattern of behavior linked 
to source contribution and anthropogenic activities around the river and its tributaries. 
The large inter- and intra-site variations are partly due to real environmental changes. 
These variations could not be due to contamination as we have followed the standard 
procedure for sampling and transport [Bartram and Balance, 1996] and the same kind 
of care, during both campaigns. 
 
The direct solid and liquid waste discharge from different industrial, municipal and 
domestic activities at different locations exert a major influence on the trace element 
chemistry of TAR.  
 
The different tributaries also contribute to the trace element concentration. Most of 
them receive all kinds of wastes and finally join the TAR. Some of the tributaries are 
relatively clean and play a dilution role.  
 
Finally, the chemical erosion of the earths crust, the urban and surface runoff due to 
high intensity rainfall prior to the second sampling campaign and the diversion of 
TAR water for irrigation purposes at different sites along the river contribute to the 
inter- and intra-site variations. 
 
It was hypothesized that contamination (with heavy metals) would be more marked in 
the downstream sites of the river. But this hypothesis may be doubtful as the water is 
diverted for irrigation purposes, at different points along the river. Moreover, the low 
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concentration is in agreement with the pH values found for those waters (7.2-8.8). 
Owing to their low concentrations, precipitation as carbonate or hydroxide is not very 
probable. Adsorption to humic acid and colloidal iron oxides [Bubb and Lester, 1991] 
may be a better explanation.  
 
The elemental concentrations of Cd, Co, Cu, Ni, Pb and Zn measured in water 
samples from the TAR fulfill the surface water quality standard [http 3] of class 2- 
class 4 (Table 5.5). Thus, there is an indication that it may be used as irrigation water 
[Csuros and Csuros, 2002]. Cr at site number S7  S9, during both campaigns, and 
S22, during campaign II, does not fulfill class 2  4 water quality criteria [http 3]. 
Consequently, water samples from S7 and S8, were during both campaigns, not 
appropriate to be used as irrigation water [Csuros and Csuros, 2002]. 
 
In the case of Mn, water samples from S10, S12, S14  S23 (campaign I); S10, S12  
S14 and S16  S23 (campaign II) do not fulfill the surface water quality criteria of 
class 2 - 4 and water samples from S2, S9, S10, S12  S23, campaign I; S6, S9  S23, 
campaign II, showed that water from these sites is unfit for irrigation purposes.  
 
The probable sources of trace elements in TAR water vary widely and may include 
wastewaters generated municipally, domestically and industrially and/or wastes from 
intensive agricultural practices, the major occupation of the people in the study area. 
 
Chromium enters TAR water as a result of direct effluent discharge from Addis 
Ababa and Batu tanneries, located upstream from sampling site S6 and S22, 
respectively. Manganese could result from the chemical erosion of the earths crust, 
but more probably from some industrial activities such as distilleries, a battery factory 
and public and domestic waste, especially from hospitals where permanganate is used 
as oxidizing agent. In-spite of the above, TAR water is used to grow vegetables, water 
animals, etc. 
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5.5. Conclusion 
 
ICP-MS data were validated for several elements (Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn) 
by analyses of certified reference materials of wastewater and riverine water origin. 
The procedure described was used for the determination of trace elements in Tinishu 
Akaki river water samples. This work has shown that, although analyses with external 
calibration are usually more subject to errors arising from matrix interferences (caused 
by concomitant elements) in ICP-MS, the use of Sc, In and Tl as internal standards in 
addition to appropriate dilution of water sample proved mostly to be efficient to 
correct for ICP-MS drift, and matrix effects. 
 
The merits of ICP-MS as a technique for the simultaneous determination of trace 
elements in polluted river water have been demonstrated. ICP-MS is an excellent 
analytical technique for surveying heavy metals in water.  
 
It has been evident from our findings that the causes and sources of water pollution in 
the study area are mainly anthropogenic activities through the direct discharge of 
effluents from different industries. 
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Chapter 6. Multi-element analysis of Tinishu Akaki River 
sediment, Ethiopia, by ICP-MS after microwave 
assisted digestion 
 
6.1. Introduction 
 
Concern about the possible ecological effect of the increasing accumulation of metal 
contaminants in the environment is growing. For this reason, the investigation of heavy 
metals in sediment is essential since even slight changes in their concentration above the 
acceptable levels, whether due to natural or anthropogenic factors, can result in serious 
environmental and subsequent health problems [Sandroni and Smith, 2002; Tuzen, 2003; 
Das et al., 2001; Fangueiro et al., 2002; Cobelo-Garcia et al., 2004; Munk and Faure, 
2004; Mangaberia et al., 2004; Saster et al., 2002; Zober and Magnuszewski, 1998; 
Bettinelli et al., 2000; Falciani et al., 2000; Zhang and Wang, 2001].  
 
Domestic and industrial wastes, atmospheric emissions, metal corrosion products and 
leached agricultural chemicals [Mwamburi, 2003] are the most important sources of 
pollution. These wastes are either directly discharged into the TAR (Tinishu Akaki River) 
or in the streams flowing into the TAR without being treated. These inputs have led to an 
important increase in the sediment trace metal concentrations in the receiving water body. 
Trace elements are good tracers to understand sources contributing to the pollution at a 
particular site.  
 
In the previous chapter, the trace metal concentrations of the water of TAR have been 
reported. It was found that significant pollution levels exist for some of the metals 
investigated, indicating intense anthropogenic pollution sources into the river and its 
tributaries. 
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The interest of analyzing sediment samples for their contents in metals lies in the fact that 
they constitute concentrated reservoirs of these analytes, exhibiting higher concentrations 
than other adjacent samples, such as water, plant, etc [Marques et al., 2000]. Sediment 
samples have the ability to reflect the water quality and can be used for the assessment of 
river pollution particularly for trace elements [Atgin et al., 2000].  
 
Moreover, sediments conserve important environmental information and are increasingly 
recognized as both a sink and a possible source of contaminants in aquatic systems as a 
result of the local physicochemical conditions [Zober and Magnuszewski, 1998; 
Mwamburi, 2003; Gumgum and Ozturk, 2001; Mihai and Mather, 2003; Gocht et al., 
2001; Konhauster et al., 1997; Ryssen et al., 1999; Seisuma and Kulikova, 2002; Douglas 
and Adeney, 2000].  
 
To determine metal concentrations in sediment samples, the metals must be extracted 
prior to quantitative analysis. The use of microwave assisted treatments in a closed vessel 
is nowadays an attractive way of sample dissolution especially because it is fast, safe and 
has a minimum potential for contamination [Das et al., 2001] compared to conventional 
digestion procedures, such as wet digestion and dry ashing, which often make it the most 
time consuming stage of the analysis.  
 
In order to be effective, the digestion treatment of the sample must ensure a complete 
dissolution of the matrix to allow the release of the analytes in a chemical form 
compatible with the analytical method [Bettinelli et al., 2000]. 
 
Considering the matrix of most environmental samples such as sediment, soil and sludge, 
a total digestion scheme must include the use of HF acid to completely release the trace 
elements from the alumino-silicate phase [Pazos-Capeans et al., 2004].  
 
Today there are varies official methods for the analysis of sediments, which employ 
different acid mixtures and microwave heating techniques [Bettinelli et al., 2000]. For 
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digestion of sediment samples mixtures of HNO3/HCl [Belazi et al., 1995], 
HNO3/H2O2/HF [Becker, 2002], HNO3/HClO4 [Melaku et al., 2003], 
HNO3/HCl/HF/H3BO3 [Bettinelli et al., 2000] and HNO3/HClO4/HF/H2O2 [Saster et al., 
2002] have been mainly used. 
 
Without HF added to the sample, the recovery of the elements, which may be present in 
significant concentration within the silicate-aluminosilicate matrix, may be incomplete 
[Falciani et al., 2000]. The digestion method proposed in this study includes 
HNO3/HCl/HF/H3BO3 and avoids the complications mentioned above. 
 
ICP-MS, ET-AAS and ICP-AES are among the most commonly used analytical 
techniques for the determination of trace elements in sediments. Due to its multi-element 
capability, high sensitivity, ability to provide accurate and precise results, high detection 
power, low sample consumption and spectral simplicity, ICP-MS has become a valuable 
instrumental techniques for trace element analysis [Falciani et al, 2000; Mwamburi, 
2003; Becker, 2002]. 
 
This chapter reports the development of a microwave-assisted digestion procedure for 
dissolution of sediment samples followed by determination of trace elements by ICP-MS. 
The purpose of the this work is to investigate the input of polluting elements, to provide 
some data on Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn concentrations; and to estimate the 
degree of pollution in the sediment samples collected from various sites along the TAR 
and its tributaries.  
6.2. Study area 
6.2.1. Geography 
 
Addis Ababa, the capital city of Ethiopia, is located in the heart of the country. It is the 
country's commercial, manufacturing, and cultural center. Cement, leather and beverage 
production are among the most important industrial activities in the city. Addis Ababa 
has grown at an astonishing speed since it was established in 1886. Today it has a 
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population of more than three million in a land area of 540 sq km, of which 18.2 are 
rural, and it lies between 2200 and 2500 meters above sea level on the Central Ethiopian 
Plateau. Geographically, it is located at 9°N and 38°E. The city rambles pleasantly across 
many wooden hillsides and gullies cut through with fast flowing streams especially 
during the rainy seasons from July to September [http 1]. Tinishu Akaki river basin 
covers the Western part of the city (Fig. 1.1). Geologically, Addis Ababa lies on volcanic 
rocks ranging in composition from rhyolitic to basaltic types. The main stratigraphic units 
are constituted by basaltic, rhyolitic, trachytic and trachy-basaltic lava flows and welded 
tuffs found at different localities and ages [Girmay and Assefa, 1989]. 
6.2.2. Climate 
 
Despite its proximity to the equator, Addis Ababa enjoys a mild, Afro-Alpine temperate 
and warm temperate climate. The lowest and the highest annual average temperature are 
between 10 and 25°C. April and May are the driest months. The main rainy season occurs 
between mid June and mid September, which is responsible for 70% of the annual 
average rainfall of 1400 mm. It is characterized by intense rainfall of short duration.  
During the dry season the days are pleasantly warm and the nights cool; in the rainy 
season both days and nights are cool [http 2].  
 
6.3. Experimental 
6.3.1. Instrumentation 
 
6.3.1.1. ICP-MS 
 
The instrument used is a Perkin Elmer Sciex Elan 5000 ICP-mass spectrometer (Perkin- 
Elmer, überlingen, Germany) equipped with a quartz torch, nickel sampler and skimmer 
cones, a peristaltic pump (maintaining a 1 mL min-1 sample uptake rate), a cross-flow 
type pneumatic nebulizer and a double pass Scott-type spray chamber. Operating 
conditions are summarized in Table 6.1.  
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Table 6.1. ICP-MS operating conditions 
 
RF power (W) 1000 
Plasma argon, L min-1 15  
Nebulizer flow, L min-1 0.9  1  
Auxiliary gas flow rate, L min-1 1.2 
Sample uptake rate, L min-1 1.2 
Number of points/Spectral peak 1 
Total acquisition time  428 
Nuclides monitored 1 
Nebulizer Cross flow 
Data Peak hop transient 
Resolution  Normal 
Dwell time (ms) 50 
Number of replicates 3 
Calibration mode External calibration 
 
6.3.1.2. Microwave digestion system 
 
For the dissolution of samples, a microwave digestion system (MLS-1200 MEGA, 
Milestone, USA) with MDR (Microwave Digestion Rotor) technology was used with 
TFM (Tetrafluormethaxil) vessels. 
6.3.2. Reagents and standard solution 
 
The reagents used were all analyticalreagent grade, unless stated otherwise. Water was 
doubly distilled and further purified using a Milli-Q water purification system (Millipore, 
USA). 65% nitric and 32% hydrochloric acids were purified by sub-boiling distillation in 
quartz equipment. 40% HF and 70% HClO4 were obtained from Merck (Germany). 
 
Saturated boric acid solution was prepared by adding 7 g of boric acid (UCB, Belgium) to 
100 mL Milli-Q water in a clean Teflon bottle, subsequently, the boric acid in the sealed 
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bottle was allowed to dissolve with heat on a hot plate in a fume hood. Once dissolved 
crystals form in the bottle on cooling, the solution is ready to use. A small volume of 
saturated boric acid is used to prevent insoluble fluorides in acid dissolutions.  
 
Analytical multi-element standard solutions were prepared by diluting single and multi-
element standard solution (Merck) containing 1g L-1 metal ions for ICP-MS. A stock 
internal standard solution 10 mg L-1 of In, Sc and Tl each was prepared from single-
element standard solutions (1g L-1) for ICP-MS. Where necessary, standards and samples 
were diluted with 0.14 M HNO3.  
6.3.3. Sampling and pre-treatment of samples 
 
After surveying the study area, a total of 23 sites were selected for bottom sediment 
sampling, 16 within the TAR and 7 along the streams that enter into TAR. The positions 
of the sampling sites were determined using a differential Global Positioning System 
(GPS) with at least 4 satellites (3-D). The study area and the location of sampling stations 
are shown in Figure 1.1. To assess anthropogenic impacts, some samples were collected 
both upstream and downstream from the urban and industrial areas. Stations for the 
collection of river sediment samples include locations along some of the tributaries that 
enter the river as well as along the main stem of the river. Samples of river sediment from 
twenty-three sampling stations along the Tinishu Akaki River and its tributaries were 
collected during the period between December 2002 to January 2003 (first campaign) and 
November 2003 to January 2004 (second campaign). A composite sampling technique 
was employed. At each sampling location, a total of about 500 gram of sediment sample 
was taken at several spots from the bottom of the river at 0  20 cm depth using a hand 
held polyethylene spoon (VWR international, Belgium) for the shallow part of the river, 
while for the deeper part of the sampling station, a cable-operated stainless steel Van-
Veen grab sampler (Eijkelkamp, The Netherlands) that had been pre-cleaned in the 
laboratory and with water from the sampling environment was used. Following 
collection, sediment samples were carefully removed from the sampler and outer parts, 
which are in contact with the stainless steel body of the sampler, were removed using a 
polyethylene spoon to prevent contamination. After that, the sediment sample was 
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transferred to 500 mL wide-mouthed polyethylene bottles (VWR international, Belgium). 
Shortly after sampling, sediment samples were stored frozen. The storage and 
preservation of sediment samples are described elsewhere by Bartram and Balance 
[Bartram and Balance, 1996]. Finally, the preserved samples were transported to the 
Laboratory of Analytical Chemistry, Belgium. For sample preparation, each composite 
sample was lyophilized, whereafter it was grinded and sieved through a nylon grid. The 
fraction with a particle size less than 63µm, was preserved for analysis since pollutants 
are largely bound to silt/clay particles and in order to minimize the variability due to 
grain size composition [Vigano, 2002], and finally stored in polyethylene bottles. 
 
6.3.3.1. Sample digestion procedure 
 
Of the powdered sieved grain size fraction 0.25 g was weighed directly into each pre-
cleaned vessel and various acid combinations were added (Table 6.2), then the vessels 
were placed inside a rotor of the microwave digestion system, sealed, tightened using a 
torque wrench and finally submitted to a microwave heating program (Table 2). After 
cooling, only for procedure A (HNO3/HCl) and B (HNO3/HClO4) the digest was filtered, 
to remove the silica content, through an ashless 90 mm dia. Whattman type 41 filter 
paper (England) and quantitatively transferred to a polyethylene volumetric flask and 
diluted with Milli-Q water to 50 mL. In the case of procedure C (HNO3/HCl/HF/H3BO3), 
after cooling of the samples, 2 mL of saturated boric acid solution was added, the vessel 
re-capped, returned to the oven, and heated at 300 watts for 3 minutes. At this stage, the 
clear solution obtained for sediments was quantitatively transferred into a 50 mL 
calibrated flask and diluted to volume with Milli-Q water. A vessel containing the same 
acid mixture as used for the samples was adopted for controlling the analytical blank. The 
digests were stored at 4°C until analysis.  
 
6.3.3.2. Analytical procedure for trace element analysis by ICP-MS 
 
The performance of an ICP-MS instrument strongly depends on the operating conditions 
[Falciani et al., 2000]. The plasma operating conditions such as the nebulizer flow rate, 
the position of the torch and RF power and the ion lens voltages of the instrument were 
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optimized while continuously nebulizing a 50 µg L-1 multi-element standard solution of 
Be, Co, Rh, In, Pb and Tl so as to maximize the 103Rh and 115In signals. The ion lens 
voltages were optimized each time the sampler and skimmer were replaced and/or 
cleaned. The plasma operating conditions were selected to obtain a good compromise 
between high sensitivity and low oxide levels.  
 
Table 6.2. Operating condition for microwave digestion procedures 
 
Step Reagents Volume (mL) Power (W) Hold Time 
(min) 
Procedure A     
1 HCl 6 250 2 
2 HNO3 2 400 2 
3   500 10 
Vent   0 5 
Procedure B     
1 HClO4 1 250 5 
2 HNO3 5 500 5 
3   650 5 
4   350 10 
5   0 5 
Vent     
Procedure C     
1 HCl 6 250 8 
2 HNO3 2 400 4 
3 HF 2 600 6 
4   0 2 
5 H3BO3 2 300 3 
6   0 2 
Vent   0 5 
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For ICPMS measurements, 0.2 mL of the digest sample was pipetted into a 10 mL 
polyethylene tube. Then 50 µL of 10 mg L-1 Sc, In and Tl was added as internal standard 
and the volume was adjusted to 10 mL with 0.14 M HNO3, resulting in a 50-fold dilution. 
Blank and 100 µg L-1 multi-element standard measurements containing the same amount 
of acids and internal standard mix, containing Sc, In and Tl, were also carried out. 
Quantification was accomplished by external calibration, by comparing the net signals 
against those of multi-element standards. The following analysis sequence was applied: 
first the blank, then several samples and only at the end of the sequence, the standard. 
The blank intensity was subtracted from both the standard and the sample intensities.  
 
6.4. Results and Discussion 
6.4.1. Analytical performance of digestion methods for certified reference 
materials 
 
The reliability of the analytical methods was evaluated by means of the certified 
reference materials (BCR CRM 277 Estuarine sediment and BCR CRM 320 River 
sediment). The certified reference materials were obtained from the Community Bureau 
of Reference. 
 
Three microwave digestion programs with three different acid combinations and volume 
labeled as procedure A, B and C, shown in Table 6.2, have been examined for the 
digestion of two sediment reference materials to determine which was most efficient for 
the extraction of metals from the samples tested.   
 
The mean of the recoveries (n = 4) for each of the three acid combinations are shown in 
Tables 6.3 and 6.4. The recovery of each metal is calulated based on the mean and the 
corresponding certified value [(measured concentration (µg g-1)/mean certified value (µg 
g-1) * 100]. In general, the HNO3/HCl [Moor et al., 2001] and HNO3/HClO4 digestion 
procedures could not completely extract all the analytes from the matrices and this is 
confirmed by the present study. It was clearly observed by the poorest recovery of Cr, in 
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both CRMs, which is mostly present in mineral form. Procedure A and B hardly extract 
between 55 and 90% of the Cr, while with procedure C, the recovery increases up to 
about 95%. For the other elements, the recoveries by procedure A and C are quite 
acceptable. In the case of CRM 320 the mean recoveries increase from 86.3% and 81.6% 
for procedure A and B to 100.8% for procedure C. The increase for Cr is most 
spectacular, from 63.8% and 55.5% to 93.5%. This efficiency was expected since the 
sediment was completely dissolved by procedure C. No filtration was required. 
 
The addition of HF strongly influenced the efficiency of microwave digestion for CRMs. 
This acid breaks down silicates and minerals better than HNO3/HCl and HNO3/HClO4. 
However, HF can give rise to problems in instrumental analysis and sample preparation, 
due to erosion of the glassware. Since the digestion requires HF, the smallest volume 
necessary should be used, such as the 1  2 mL used in this study [Sandroni and Smith, 
2002]. The additional treatment with 2 mL of a saturated boric acid solution at step 5 
enables destruction of the excess of HF in order to avoid the glassware and torch damage 
[Das et al., 2001]. As a matter of fact, diluting the initial solution by 50-fold could reduce 
the above-mentioned problem. Procedure C provided the best % recoveries and thus this 
program was chosen for use in further experiments to analyze sediment samples collected 
from the TAR and its tributaries. 
 
6.4.1.1. Precision 
 
The precision of the measurements (relative standard deviation, RSD) was evaluated 
from four different measurements on the two certified reference materials of sediment. 
The precision data are also listed in Tables 6.3 and 6.4.  ICPMS precision of CRM 277 
was better than 6, 6, and 10 % for procedure A, B, and C, respectively. In the case of 
CRM 320, a precision of better than 6, 10 (except Cd, 21.7 %) and 9% (except for Pb, 
12%) were obtained for procedure A, B and C, respectively.  
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6.4.1.2. Accuracy 
 
The accuracy of the analytical method was evaluated by analysis of certified reference 
materials and the recovery values summarized in Table 6.3 and 6.4 show a good 
agreement with the certified values. As discussed before, the mean recoveries, and thus 
accuracies, obtained are for the digestion procedure C about 100%. Owing to lower 
extraction efficiencies, especially for Cr and to a lesser extent for Co, Ni, Mn and Pb, the 
digestion procedures A and B yield too low values. It can be concluded that, on condition 
that a nearly quantitative extraction is achieved, such as with digestion procedure C, no 
systematic negative or positive results are obtained. Agreement within the 95% 
confidence interval of the certified values is reached.  
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6.4.2. Detection Limits 
 
Limits of detection were estimated as the concentrations corresponding to three-times the 
standard deviation, σ, of the intensities of the blank signals at the m/z for each analyte, 
where as a blank mixture of a HNO3/HCl/HF/H3BO3 submitted to the digestion procedure 
was used. The results are summarized in Table 6.5. The average values and the standard 
deviation of the blank signals were obtained by using the results of 10 replicate 
measurements of HNO3/HCl/HF/H3BO3 blank and 5 measurements of 100 µg L-1 
standards. The limits of detection for most elements were below 0.65 µg g-1 except for 
Zn, 2.8 µg g-1. These values are better than the values obtained by Bettinelli et al 
[Bettinelli et al., 2000] using the same instrument.  
 
Table 6.5. Detection Limit (µg g-1) of the procedure for HNO3/HCl/HF/H3BO3 microwave digestion 
 
 
 
 
6.4.3. Analysis of Tinishu Akaki River (TAR) sediment samples 
 
The optimized method was applied for the analysis of TAR sediment by ICP-MS after 
microwave-assisted digestion with HNO3/HCl/HF/H3BO3. The results of TAR sediment 
and its tributaries along with some freshwater sediment quality guidelines and some 
unpolluted sediment values are presented in Table 6.6. 
 
As can be seen in Table 6.6, the elemental concentration of eight metals measured in 
sediment samples collected from the TAR were found to be in the range of 0.12  1.61 
(Cd), 16.9  70.6 (Co), 60.9  16254 (Cr), 23.7  117 (Cu), 1200  6480 (Mn), 46.9  201 
(Ni), 20.3  638 (Pb) and 141  826 (Zn) µg g-1, respectively. From the mean values for 
all sampling points (Table 6.6) it appears that there is hardly a significant difference 
between the two sampling periods. Only for Cr, the mean value is 1.8 times higher during 
Element Cd Co Cr Cu Mn Ni Pb Zn 
DLs 0.01 0.01 0.58 0.15 0.64 0.18 0.58 2.8 
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the first sampling campaign. Slightly lower means during the second campaign may be 
due to an increased rainfall during the days preceding the sampling. 
 
Table 6.6. Bottom sediment trace metal concentrations, µg g-1, in the Tinishu Akaki River 
 
Concentrations (95 % C.I.), d.w. Sampling 
site 
Campaign 
Cd Co Cr Cu Mn Ni Pb Zn 
I 0.417 
(0.058) 
44.4 
(0.6) 
176.9 
(5.4) 
51.3 
(1.3) 
5081 
(86) 
103.5 
(1.7) 
26.0 
(2.0) 
186.7 
(14.6) 
S2 
II 0.394 
(0.054) 
45.5 
(1.8) 
218.4 
(4.9) 
53.7 
(2.3) 
2917 
(107) 
110.4 
(4.0) 
27.54 
(1.06) 
176.7 
(7.7) 
I 0.319 
(0.003) 
30.7 
(0.7) 
86.3 
(1.1) 
34.9 
(1.3) 
3205 
(86) 
67.7 
(2.2) 
22.07 
(0.38) 
141.1 
(5.9) 
S3 
II 0.305 
(0.026) 
31.9 
(0.8) 
104.3 
(3.2) 
35.5 
(1.3) 
3655 
(90) 
65.8 
(1.3) 
21.78 
(1.01) 
141.9 
(4.5) 
S4 I 0.305 
(0.056) 
41.0 
(2.4) 
89.3 
(8.1) 
23.7 
(4.8) 
3677 
(228) 
93.5 
(6.0) 
24.4 
(2.1) 
168 
(14) 
 II 0.378 
(0.019) 
34.8 
(1.3) 
132.4 
(6.3) 
40.5 
(1.1) 
3137 
(122) 
80.5 
(3.1) 
48.8 
(2.1) 
154.3 
(5.7) 
S5 I 0.213 
(0.035) 
39.5 
(1.1) 
112.8 
(6.6) 
57.5 
(3.5) 
3230 
(114) 
96.8 
(3.1) 
20.3 
(1.1) 
140.9 
(8.7) 
 II 0.334 
(0.021) 
35.9 
(0.5) 
142.9 
(3.3) 
44.4 
(0.6) 
2991 
(60) 
84.0 
(1.3) 
31.1 
(2.4) 
142.5 
(3.0) 
S6 I 0.349 
(0.068) 
31.4 
(0.9) 
3129 
(79) 
93.0 
(2.4) 
2666 
(65) 
95.5 
(3.1) 
50.9 
(0.8) 
415.7 
(18.6) 
 II 0.348 
(0.026) 
37.5 
(0.6) 
584.6 
(6.9) 
59.1 
(1.7) 
2524 
(49) 
113.6 
(2.3) 
41.6 
(1.3) 
255.6 
(7.9) 
S7 I 0.281 
(0.007) 
17.0 
(0.6) 
15355 
(327) 
52.6 
(1.7) 
1971 
(58) 
47.3 
(1.7) 
82.4 
(2.8) 
159 
(6.3) 
 II 0.316 
(0.057) 
16.9 
(0.5) 
16254 
(1337) 
55.2 
(1.8) 
1344 
(31) 
53.5 
(4.0) 
125.0 
(7.2) 
183.9 
(6.4) 
S8 I 0.349 
(0.09) 
24.9 
(0.7) 
15790 
(320) 
56.4 
(0.3) 
1986 
(46) 
66.4 
(2) 
59 
(4.2) 
174.0 
(9.6) 
 II 0.316 
(0.024) 
41.9 
(1.7) 
9311 
(367) 
55.4 
(3.2) 
2446 
(95) 
84.5 
(3.7) 
93.4 
(7.8) 
171.5 
(8.2) 
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Table 6.6 (Continued) 
 
S9 I 0.537 
(0.09) 
26.3 
(2.1) 
15594 
(1009) 
54.7 
(3.6) 
1951 
(136) 
70.6 
(4.9) 
40.0 
(3.9) 
218.9 
(17.9) 
 II 0.355 
(0.025) 
41.7 
(0.4) 
1435 
(13) 
76.9 
(0.9) 
1693 
(15) 
103.4 
(1.8) 
40.1 
(1.2) 
177.9 
(4.5) 
S10 I 0.12 
(0.021) 
33.7 
(1.0) 
612.4 
(18.3) 
56.5 
(1.8) 
1916 
(61) 
129.8 
(3.6) 
22.8 
(1.2) 
152.7 
(6.1) 
 II 0.690 
(0.022) 
28.0 
(0.4) 
60.9 
(0.8) 
32.4 
(1.4) 
3551 
(49) 
52.2 
(0.9) 
53.9 
(1.6) 
198.9 
(21.3) 
S11 I 0.375 
(0.017) 
39.7 
(1.6) 
1587 
(58) 
52.9 
(0.8) 
2977 
(108) 
99.7 
(3.8) 
30.9 
(1.4) 
214.8 
(15.1) 
 II 0.360 
(0.040) 
34.8 
(1.1) 
1372 
(37) 
57.1 
(1.6) 
2670 
(79) 
99.8 
(5.0) 
27.8 
(2.1) 
171.9 
(4.0) 
S12 I 0.291 
(0.026) 
70.6 
(2.3) 
389.4 
(27.8) 
78.7 
(3.9) 
2642 
(93) 
200.6 
(6.81) 
40.3 
(7.5) 
222.2 
(28.7) 
 II 0.353 
(0.033) 
45.7 
(1.6) 
211.9 
(11) 
65.6 
(2.0) 
2048 
(70) 
139.3 
(2.9) 
40.8 
(2.8) 
192.3 
(5.9) 
S13 I 0.591 
(0.07) 
44.5 
(1.7) 
1106 
(40) 
64.4 
(3.5) 
6480 
(816) 
99.9 
(4.3) 
70.3 
(3.2) 
324.4 
(14.8) 
 II 0.405 
(0.010) 
39.2 
(1.4) 
506.6 
(20.3) 
61.1 
(2.7) 
4479 
(158) 
112.4 
(6.2) 
59.5 
(6.4) 
235.8 
(9.0) 
S14 I 0.413 
(0.064) 
37.6 
(2.6) 
376 
(17) 
85.9 
(18.5) 
3896 
(132) 
89.2 
(3.5) 
52.3 
(7.1) 
205.6 
(9.8) 
 II 0.389 
(0.019) 
31.3 
(1.1) 
597.5 
(23.5) 
45.6 
(1.8) 
3171 
(117) 
76.7 
(3.5) 
77.6 
(2.9) 
248.4 
(34.2) 
S15 I 0.532 
(0.038) 
34.0 
(1.1) 
330.1 
(11.0) 
40.0 
(1.9) 
6411 
(196) 
68.8 
(3.0) 
39.6 
(4.7) 
210.0 
(6.9) 
 II 0.621 
(0.024) 
33.7 
(0.7) 
472.9 
(8.9) 
37.9 
(1.5) 
3560 
(72) 
65.5 
(2.9) 
77.4 
(2.7) 
258.1 
(5.5) 
S16 I - - - - - - - - 
 II 0.736 
(0.108) 
33.1 
(0.5) 
157.6 
(29.1) 
76.2 
(1.2) 
1905 
(19) 
94.1 
(5.2) 
251.2 
(9.2) 
443.4 
(21.3) 
S17 I 1.613 
(0.131) 
27.8 
(1.2) 
161.3 
(9.9) 
117.2 
(7.7) 
1566 
(72) 
76.4 
(3.9) 
325.4 
(24.6) 
825.7 
(38.8) 
 II 1.047 
(0.172) 
36.3 
(0.9) 
236.8 
(3.8) 
111.7 
(5.7) 
1731 
(46) 
85.0 
(4.9) 
637.9 
(27.8) 
441 
(10) 
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Table 6.6 (Continued) 
 
S18 I 0.919 
(0.147) 
29.2 
(1.8) 
136.4 
(8.1) 
65.7 
(7.2) 
1519 
(106) 
73.0 
(4.9) 
131.4 
(11.3) 
385.9 
(29) 
 II 0.640 
(0.047) 
28.4 
(0.3) 
180.9 
(5.8) 58 (2) 
1781 
(17) 
76 
(2.4) 
340.6 
(13.4) 
324.8 
(3.9) 
S19 I 1.036 
(0.072) 
26.3 
(1.1) 
135.8 
(10.1) 
74.3 
(2.7) 
1584 
(68) 
69.3 
(2.9) 
223.8 
(19.1) 
416.7 
(14.4) 
 II 0.563 
(0.031) 
27.8 
(1.2) 
137.6 
(9.2) 
73.8 
(5.1) 
1823 
(68) 
68.7 
(4.9) 
346.8 
(19.8) 
250 
(11) 
S20 I 0.941 
(0.063) 
23.5 
(0.8) 
209.7 
(6.9) 
69.0 
(3.9) 
1450 
(38) 
63.8 
(1.9) 
168.9 
(10.2) 
428.3 
(28.4) 
 II 0.368 
(0.049) 
17.0 
(0.2) 
95.6 
(9.5) 
29.3 
(0.4) 
1200 
(18) 
46.9 
(3.2) 
76.5 
(5.4) 
172.8 
(0.4) 
S21 I 0.669 
(0.046) 
20.4 
(0.8) 
198.8 
(8.0) 
64.3 
(3.2) 
1385 
(49) 
57.5 
(2.6) 
137.5 
(6.3) 
302.8 
(33.5) 
 II 0.399 
(0.060) 
21 
(0.5) 
213.8 
(2.8) 
34.8 
(1.3) 
1725 
(38) 
52.9 
(1.8) 
103.4 
(9.5) 
198.4 
(6.5) 
S22 I 0.460 
(0.028) 
51.8 
(1.1) 
272.3 
(10.6) 
54.6 
(4.9) 
1930 
(44) 
88.1 
(2.1) 
190.4 
(23.0) 
227.3 
(7.8) 
 II 0.419 
(0.051) 
26.2 
(0.9) 
252.6 
(4.3) 
45.3 
(1.7) 
1805 
(54) 
75.5 
(2.9) 
208.7 
(17.0) 
178.6 
(8.9) 
S23 I 0.493 
(0.025) 
29.5 
(1) 
247.0 
(9.9) 
51.9 
(2.5) 
1636 
(49) 
76.8 
(2.7) 
138.0 
(7.6) 
289.3 
(25.6) 
 II 0.420 
(0.061) 
29.1 
(2.2) 
204 
(33) 
44.3 
(3.2) 
1741 
(132) 
60.9 
(6.1) 
118.6 
(9.0) 
236.5 
(19.4) 
I 0.534 34.5 2671 62 2817 87 90 277 Mean for all 
sampling points II 0.462 32.6 1495 54 2450 82 130 225 
CCME* 0.596 - 37.3 35.7 - - 35 123 
Unpolluted sediment 
[Marques et al., 2000] 0.11 - - 33 770 - 19 95 
* Interim freshwater sediment quality guidelines (ISQGs; dry weight), for the protection of aquatic life, 
established by the Canadian Council of Ministers of the Environment (CCME): 
http://www.ccme.ca/assets/pdf/e7_002.pdf 
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Landajo et al [Landajo et al., 2004] have reported Cd concentrations in Asua, Galindo 
and Nerbioi-Ibaizabal River sediments, Spain, in the range of 1.2  381 µg g-1. Mihai and 
Mather [Mihai and Mather, 2003] have also reported the average Co, Cr, Cu, Ni and Zn 
concentrations in the Romanian sector of the Danube River and the Black Sea coast 
sediments as in the range of 6  9, 33  130, 8  170, 28  75 and 39  416 µg g-1, 
respectively. Mn and Pb concentrations of sediment samples in the Pearl River system, 
China, have been reported as in the range of 646  1034 and 80  118 µg g-1, respectively 
[Zhang and Wang, 2001].  
 
When compared to those values, the present study in the TAR yields much higher values 
for Cr and Co and higher values for Mn and Ni. The Cd values are significantly lower in 
the TAR-sediment.  
 
The results of the TAR-sediment can also be compared to those of the unpolluted 
sediment [Marques et al., 2000] for the elements Cd, Cu, Mn, Pb and Zn. It appears that 
the investigated sediment is strongly polluted with Pb, Mn and Zn and to a lesser extent 
with Cu and Cd (Table 6.6). 
 
A better comparison can be made with the interim freshwater sediment quality guidelines 
for Cd, Cr, Cu, Pb and Zn. From the mean values in Table 6, it is obvious that the TAR 
sediments are highly polluted with Cr (35 to 70 times above the guideline). Also the 
mean values for Cu, Pb and Zn significantly exceed the guidelines. The mean Cd values 
are of the same order as the guideline. 
 
Some extremely high values were found, such as Cr at site S7 and S8 (more than 1%), 
and high values such as Cd, Cu, Pb and Zn at site S17. The highest Mn concentrations are 
found at sites S2, S13, and S15. Also the earlier described analyses of the TAR-water 
samples, collected at the same locations indicated primarily for Cr and Mn very high 
concentrations, downstream of the major anthropogenic sources. 
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The concentration of trace elements of TAR sediment shows pattern of behavior linked to 
source contribution and anthropogenic activities around the river. The highest 
concentrations of Cr at S7 and Cd, Cu, Pb and Zn at S17 exemplify the influence of the 
direct waste discharge of industrial effluents from Addis Ababa Tannery and that of the 
battery factory, respectively, located upstream of S7 and S17. Moreover, TAR tributaries 
such as S6, S12 and S16 exerts a major influence on the trace element chemistry of TAR 
sediment as they receive all kinds of wastes. 
 
Manganese could result from the chemical erosion of the earths crust and some 
industrial activities such as distilleries, battery factory, public and domestic waste 
disposal especially from hospitals as permanganate is used as oxidizing agent. The 
probable sources of Cu in TAR could be from corrosion of metallic parts of vehicles, 
preservatives of leather and some agricultural fungicides. Also the sources of cobalt in 
environmental samples could be from corrosion of metallic parts of vehicles.  
 
6.5. Conclusion 
 
Methods have been developed for multi-element analysis of sediment samples. The 
microwave digestion process selected presents considerable advantages, which include 
good precision and accuracy, reduced contamination, speed and safety. The use of 
HNO3/HCl/HF/H3BO3 acid mixtures allows the complete dissolution and thus the 
determination of the total contents of several analytes present in sediments, without 
recovery problems. 
 
The multi-element analysis capability of ICP-MS with high sensitivity, speed, high 
sample throughput and reliability of the technique coupled with microwave-assisted 
treatment of matrices makes the procedure developed very convenient for analysis of 
sediment samples. 
 
The present findings highlight that the heavy metal pollution state of TAR and some of 
its tributaries is alarming. This is due to the fact that in addition to the dumping of solid 
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wastes, the untreated wastewater from domestic, municipal and industrial sources 
constitutes the main sources of metals to the TAR and its tributaries [Melaku et al., 
2004]. The installation of a water treatment plant is therefore a must in order to reduce 
the contamination loads, to preserve the living resources of the river and to avoid spread 
of heavy and trace elements with potential health hazards. 
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Chapter 7. Method development for speciation of chromium in 
river and industrial waste water using GFAAS 
 
7.1. Introduction 
 
Due to the fundamentally different environmental and human health effects of Cr(III) and 
Cr(VI) species, it is necessary to consider these species separately for monitoring 
environmental pollution [Vercoutere et al., 1996; Vanhaecke et al., 2000; Kargosha et al., 
2002; Xue et al., 2000; Aubriet et al., 2001; Abbas et al., 2001; Kocaoba and Akcin, 
2002]. 
 
The toxicity of chromium is closely dependent on its oxidation state. Trivalent Cr is 
considered to be an essential compound in mammals for the maintenance of glucose, lipid 
and protein metabolism [Sahayam, 2002; Pantsar-Kallio et al., 2001; Mondal et al., 2002; 
Balasubramanian and Pugalenthi, 1999; Tunceli and Turker, 2002; Bermejo-Barrera et 
al., 2003; Tang et al., 2004], whereas hexavalent Cr is known to have toxic effects on 
biological systems; in particular, it can be a cause of DNA damage, cancer, or allergic 
reactions [Abu-Saba et al., 2000; Zhu et al., 2002; Mulaudzi et al., 2002]. As a matter of 
fact, Cr(VI) is not genotoxic itself, but its redox behaviour produces species that are 
potentially toxic. The uptake-reduction model [Cieslak-Golonka, 1995] clarifies the 
general mechanism of hexavalent Cr activity in the cellular and subcellular systems. This 
model postulates that under physiological conditions (pH = 7.4) Cr(VI)  penetrates easily 
into cells, being transported along the same channels as sulfates or phosphates, 
considering that the tetrahedral CrO42- and pseudotetrahedral HCrO4- ions have structural 
similarity with the biologically important inorganic anions SO42- and PO43 [Aubriet et 
al., 2000]. The hexavalent Cr is about 100-1000 times more toxic than the trivalent 
chromium [Korolczuk and Grabarczyk, 1999].  
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The most widely accepted explanation of the presence of chromium in the environment is 
that this metal is a common product in industrial applications like leather tanning, dyeing 
or chromium plating. Not surprisingly, large volumes of waste containing chromium in 
various chemical forms are generated from industrial processes and discharged into the 
environment. So rivers are used as a receptacle for contaminants including this metal. 
[Pazos-Capeans et al., 2004]. 
 
The total chromium concentration in unpolluted rivers is in the 0-50 µg L-1 range 
[Kargosha et al., 2002]. According to the European Community Directive 80/778/EEC, 
L229/20, D48, the maximum allowable concentration for Cr in drinking water is 50 µg/L 
[Vercoutere et al., 1996]. The maximum permissible level of Cr(VI) in industrial 
wastewater is 200 µg L−1 [Krishina et al., 2004]. 
 
The most common techniques for the determination of chromium are atomic absorption 
spectrometry (AAS) employing flame (FAAS) or graphite furnace atomization (GFAAS) 
[Kubrakova et al., 1994; Yang et al., 2003], inductively coupled plasma atomic emission 
spectrometry (ICP-AES) [Yalcin and Apak, 2004] and inductively coupled plasma mass 
spectrometry (ICP-MS) [Narin et al., 2002]. These techniques, by themselves, yield 
information on the total concentration only. This is the reason why sample pretreatment 
methods such as solvent extraction [Das et al., 1997], ion exchange chromatography [Zhu 
et al., 2002], ion pairing chromatography and solid phase extraction are required for the 
speciation of chromium. Extraction of Cr(VI) with liquid anion exchange solution 
(LAES, Amberlite LA-2/MIBK) followed by detection with ETAAS  [Camara et al., 
2000; Stasinakis et al., 2003] is one of the most popular methods.  
 
The separation method used is based on the cationic behaviour of Cr(III) and the anionic 
behaviour of Cr(VI) species. It relies on an ion-exchange extraction using the liquid anion 
exchanger Amberlite LA-2, thus transferring Cr(VI) completely into the organic phase, 
while Cr(III) remains in the aqueous phase [Vercoutere et al., 1996]. 
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In the present work, graphite furnace atomic absorption spectrometric determination of 
Cr(VI) and Cr(III) species and Cr(tot) in Tinishu Akaki River (TAR) water, Ethiopia, and 
industrial wastewater samples, Germany, were performed after their separation using 
Amberlite LA-2/MIBK.  
 
7.2. Area description and Sampling sites 
 
The area investigated for the TAR (Tinishu Akaki River) water samples is located in the 
West-Central part of Addis Ababa, the capital of Ethiopia. The location of the river and 
the sampling sites is presented in Fig 1.1. The river water samples were collected from 
four sites of the TAR and one of the TAR tributaries, Leku stream (S7), downstream 
from the Addis Ababa tannery wastewater discharge. These sites are believed to have the 
highest chromium concentration as described in chapter 5 [Melaku et al., 2004]. 
 
7.3. Experimental 
7.3.1. Instrumentation 
 
A Perkin-Elmer Model 4100 ZL atomic absorption spectrometer with inverse 
longitudinal Zeeman-effect background correction system was used. It is equipped with a 
Perkin-Elmer THGA type graphite oven. Measurements were made at 357.9 nm using a 
chromium hallow cathode lamp (Cathodeon Ltd, England) operating at 12 mA with a slit 
width of 0.7 nm. A 20 µL volume of the blank, standard or sample solutions was 
dispensed in the graphite furnace using an AS-70 autosampler, which is mounted on the 
autosampler door of the spectrometer. The graphite furnace programme is summarized in 
Table 7.1. 
 
The UV-vis spectrophotometer (with tungsten source lamp) is an Ultrospec 2000, 
(Amersham Pharmacia Biotech Ltd, England). Measurements were made at 540 nm, with 
a path length of 1 cm.  
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The ICP-MS instrument used is a Perkin Elmer Sciex Elan 5000 ICP-mass spectrometer 
(Perkin- Elmer, Überlingen, Germany), equipped with a quartz torch, nickel sampler and 
skimmer cones, a peristaltic pump (maintaining a 1 mL min-1 sample uptake rate), a 
cross-flow type pneumatic nebulizer and a double pass Scott-type spray chamber made of 
Ryton.  
 
Table 7.1. Furnace temperature program for Cr(tot)/Cr(III) and Cr(VI) 
 Temp.°C Ramp + hold, s Gas flow, mL/min 
Step Cr(tot) Cr(VI) Cr(tot) Cr(VI) Cr(tot) Cr(VI) 
Drying 1 110 110 1 + 10 1 + 10 250 250 
Drying 2 160 160 45 + 20 45 + 15 250 250 
Ashing - 500 - 30 + 30 - 250 
Preparation 1500 1200 25 + 10 20 + 10 250 250 
Atomization 2300 2300 0 + 5 0 + 5 250 0 
Cleaning 2400 2500 1 + 5 1 + 5 0 250 
Cooling 20 20 1 + 5 1 + 5 250 250 
 
7.3.2. Reagents 
 
All reagents were of analyticalreagent grade, unless stated otherwise, and used without 
purification, except Amberlite LA-2/MIBK. Water used to prepare the reagent and buffer 
solutions was doubly distilled and further purified using a Milli-Q water purification 
system (Millipore, USA). Stock solutions of 10 mg L-1 of Cr(III) and of Cr(VI) were 
prepared by dilution of high purity 1 g L-1 Cr(III), pH 1.5, and Cr(VI), pH 4, ion standard 
solutions prepared with Cr(NO3)3 and K2Cr2O7 (Fluka, Switzerland), respectively. 
Amberlite LA-2 was obtained from Fluka, Switzerland. For the preparation of the liquid 
anion exchanger solution, Amberlite LA-2 was diluted in methyl isobutyl ketone (MIBK) 
and stripped in 6 M HCl (LA-2:HCl:MIBK, 2:1:2). 30% NH4OH was obtained from J. T. 
Baker, USA, and Mg(NO3)2.6H2O, NaHCO3, and 27% H2O2 from UCB, Belgium. A 
carbonate (HCO3-/H2CO3) buffer (pH 6.4) was prepared by mixing 4.2 g NaHCO3 and 
250 mL of 0.1 mol/L HCl and subsequent dilution to 1 liter with Milli-Q water. In order 
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to maintain the pH of the buffer at 6.4, the flask was flushed with CO2 following use. 
Triton X-100 (iso-octylpheno ethoxyethanol) from BDH, England, was used to clean the 
sampler needle. 32% HCl and 65% HNO3 were purified by sub-boiling distillation in 
quartz equipment. 1,5-Diphenylcarbazide solution, 250 mg, (Merck, Germany), was 
dissolved in 50 mL acetone and stored in a brown bottle. 
7.3.3. Samples, sampling and sample pretreatment 
 
The Tinishu Akaki River water samples were collected, during the period December 22 
and 23, 2003, in 1 liter polyethylene bottles (VWR International, Belgium) previously 
cleaned by soaking in 20 % HNO3 and then washed thoroughly with Milli-Q water. The 
samples were transferred immediately (4 to 5 hours) to the laboratory, where they were 
subjected to filtration. Water samples were filtered using 0.45 µm pore size membrane 
filters (NALG, Belgium). The filtered samples were divided into two sub-samples. Sub-
sample A was brought to a pH < 2 with concentrated nitric acid and stored at 4°C in the 
refrigerator and the determination of total chromium was done by GFAAS and ICP-MS 
without any additional pretreatment. Sub-sample B was subjected to Cr(VI) extraction 
with Amberlite LA-2/MIBK. Extraction of Cr(VI) was carried out within 12 hours of 
sample collection, the details of the extraction procedure are written under the analytical 
procedure section. During sampling, there was no discharge of effluents neither from the 
Addis Ababa nor Batu tannery. Both the extracted and the acidified samples were 
transported to the Laboratory of Analytical Chemistry, Ghent University, Belgium.  
 
Two industrial process solutions (brines) were obtained from a chemical plant in 
Germany. The composition of Sample A is: insoluble matter 112 mg L-1, pH 11.7 and 
that of Sample B is: insoluble matter 209 mg L-1, pH 10.7. Typical calcium and chloride 
concentrations in these samples were 20 and 50-55 g L-1, respectively. Sample A was 
taken from the process wastewater before the purification procedure was applied and 
sample B was from wastewater after purification. To obtain appropriate concentrations of 
chromium species for the separation steps, samples A and B were diluted 100 and 2-fold, 
respectively, with buffer solution prior to analysis.  
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7.3.4. Analytical Procedures 
 
7.3.4.1. Cleaning of LAES 
 
A cleaning procedure was developed to strip all chromium (about 3 µg L-1 from the 
commercially available product. The detailed cleaning procedure is explained elsewhere 
[Stasinakis et al., 2003]. This procedure reduced contamination by more than 90%.   
 
7.3.4.2. Reconstitution of CRM 544 (lyophilized water sample) 
 
After allowing the vial containing the lyophilized water solution BCR-CRM 544 (for 
which the contents of Cr(III), Cr(VI) and total chromium are certified) to reach ambient 
temperature, the rubber stopper was removed carefully. Then 20 mL of HCO3-/H2CO3 
buffer solution at pH 6.4 was added, the rubber seal replaced and the contents of the vial 
shaken gently for 30 s and finally flushed with CO2 gas [Camara et al., 2000]. The pH has 
to be fixed at 6.4 with HCO3−/H2CO3 buffer under a CO2 blanket to avoid Cr(VI) 
reduction, owing to its high oxidising strength at low pH values. 
 
Moreover, a carbonate buffer solution is a suitable medium to achieve stability of both 
the Cr(III) and Cr(VI) species [Dyg and Cornelis, 1994] and decreases the pH value so 
that the eventual co-extraction of anionic forms of Cr(III) and polymerization at higher 
pH would be prevented [Stasinakis et al., 2003].  
 
7.3.4.3. Separation 
 
Cr(III) and Cr(VI) were separated by extraction of Cr(VI) into liquid anion exchange 
solution - Amberlite LA-2. LA-2 was diluted 1:2 with methylisobutylketon (MIBK). The 
volume ratio of sample and LA-2 was 1:1.  
 
Total Cr in the filtrate was determined directly by GFAAS, after appropriate dilution with 
Milli-Q water. For the determination of Cr(VI), the sample was diluted with a HCO3−
H2CO3 buffer (pH 6.4) and extracted with 1 mL of Amberlite LA-2 solution in methyl 
isobutyl ketone (liquid anion exchange solution, LAES). Cr(VI) was determined in the 
organic extract, while Cr(III) was determined in the aqueous phase and by the difference 
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between total Cr and Cr(VI). The quantitative determination was based on peak area 
measurement. The adjacent calibration blank was subtracted from the sample result to 
make a baseline drift correction. 
 
7.3.4.4. Calibration 
 
The calibration curve for the determination of Cr(VI) in organic extracts was prepared by 
extracting 1 mL of standard aqueous solution of Cr(VI) (0-20 µg L-1) into 1 mL of LAES 
using the same procedure as samples (5 calibration points). Calibration was performed by 
injecting 20 µL of the organic extracts in the graphite tube [Stasinakis et al., 2003].  
 
The calibration curve for the determination of Cr(III) and Cr(tot) in aqueous solutions 
was constructed by injecting 20 µL of five standard aqueous solutions containing 0-20 µg 
L-1 Cr(III) into the graphite tube and measuring the corresponding absorbance. 
 
7.3.4.5. UV-VIS spectrophotometry calibration curve and measurement 
 
The Cr(VI) concentration was first measured colorimetrically at 540 nm after complex 
formation of Cr(VI) with 1,5-diphenylcarbazide. A 2 mL volume of sample was 
neutralized with 5% NaOH solution and was pipetted into a 50 mL volumetric flask. It 
was then acidified with 3 mL of 6 M H2SO4, 2 mL of 0.25% 1,5-diphenyl carbazide 
solution was added, and the solution was made up to 50 mL. The solution was mixed 
thoroughly and kept for 5 min, allowing full color development. After the development of 
color, a suitable portion of the solution was transferred to a 1-cm absorption cell and the 
absorbance was measured at 540 nm using Milli-Q water as reference. Absorbance 
readings of samples were corrected by subtracting absorbance of a blank carried through 
the method [Balasubramanian and Pugalenthi, 1999]. Chromate standard was treated by 
the same procedure as the sample to compensate for the slight losses of chromium during 
analytical operations. Accordingly, the standard chromate solution (5 µg/mL) was used 
for preparing standard solutions in the range of 10 - 30 µg L-1.  
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After the oxidation of Cr(III) to Cr(VI) with a suitable oxidant such as hydrogen peroxide 
in basic medium, the total amount of Cr(VI) was determined again. Then, the Cr(III) 
concentration was estimated indirectly by subtracting the Cr(VI) concentration from total 
chromium concentration. 
 
7.3.4.6. Determination of Cr(III), Cr(VI) and Cr(tot) with GFAAS 
 
The total chromium content of the samples was determined by GFAAS without any 
previous separation. To distinguish between Cr(III) and Cr(VI), a species separation with 
LAES was performed. A 1 mL volume of water sample and 1 mL of LAES were mixed 
on a whirling super mixer for 1 minute and centrifuged at 3000 rpm for 10 minutes. The 
organic and aqueous phases were separated and analysed for their Cr contents by GF-
AAS. Cr(VI) was measured in the organic phase and Cr(III), after two-fold dilution, in 
the aqueous phase.  
 
For the determination of the total chromium content in the certified material, the 
reconstituted sample was diluted four-fold with a carbonate buffer (pH 6.4) in order to 
reach the linear range in GFAAS. 
 
7.3.4.7. ICP-MS measurement 
 
The plasma operating conditions such as the nebulizer gas flow rate, the position of the 
torch and RF power and the ion lens voltages of the instrument were optimized while 
continuously nebulizing a 50 µg L-1 standard solution (Merck) so as to maximize the 
103Rh+ and 115In+ signals. The ion lens voltages were tuned each time the sampler and 
skimmer were replaced and/or cleaned. The plasma operating conditions (such as RF 
power: 1000 W; Nebulizer flow: 0.9-1 L min-1) were selected to obtain a good 
compromise between high sensitivity and low oxide levels. The isotope monitored was 
52Cr.  
 
For ICP-MS measurements, 1 mL of the sample was pipetted into a 10 mL polyethylene 
tube. Then 50 µL of 10 mg L-1 45Sc was added as internal standard and the volume was 
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adjusted to 10 mL with 0.14 M HNO3, resulting in a 10-fold dilution. Blank and 100 µg 
L-1 standard solutions contained the same internal standard, 45Sc. The Cr content was 
quantified by external calibration, by comparing the net signals against that of the 
standard. The following analysis sequence was applied: first the blank, then several 
samples and only at the end of the sequence, the standard. The blank intensity was 
subtracted from both the standard and the sample intensities.  
 
7.4. Results and Discussion 
7.4.1. Optimization of ashing and atomization temperature, GFAAS 
 
The temperatures for the ashing and atomization steps were optimized by means of 
several measurements using solutions of Cr(III) or Cr(VI) in the presence of buffer 
solution with a modifier, Mg(NO3)2. The ashing temperature was studied between 300 
and 1900 °C at 400 °C interval and the absorbance was increasing until the temperature 
reached 1500 °C and then dropped with higher temperatures i.e., at 1900 °C. The 
atomization temperature was studied between 2000 and 2400 °C with intervals of 100 °C 
and the absorbance was increasing gradually from 2000 °C to 2200 °C and stayed 
constant between 2200 and 2300 °C and then decreased. Accordingly, 1500 °C was 
chosen as ashing and 2300 °C as atomization temperature in GF-AAS determination of 
chromium. The results obtained are shown in Figure 7.1. 
 
Magnesium nitrate has been used as a chemical modifier [Stasinakis et al., 2003], after it 
had been demonstrated that its use resulted in higher absorbances and better peak shapes.  
Chapter 7. Method development for speciation of chromium   
 152
7.4.2. Validation 
 
The accuracy of the proposed method was examined by determination of Cr(tot), Cr(III) 
and Cr(VI) in  the certified reference material, CRM 544, obtained from the Community 
Bureau of Reference (BCR, Geel, Belgium) and by comparing total chromium values 
determined by the proposed GFAAS method with another method i.e. ICP-MS. 
Moreover, another independent analytical technique i.e. UV-VIS spectrophotometry was 
used for the analysis of the certified reference material. The results are presented in Table 
7.2. These results show that these methods provided analytical data within the uncertainty 
range of the certified values and agreeing with one another, which suggests consistency 
between the developed GFAAS method and the standard procedure recommended for the 
determination of Cr, i.e. UV-VIS spectrophotometry after complex formation with 1, 5-
diphenyl carbazide. The measured and the calculated Cr(III) concentrations for the 
certified material using GFAAS are also in good agreement.  
 
 
Figure 7.1. Optimization of ashing temperature for Cr(VI) and atomization temperature for Cr(VI) 
and Cr(tot)/Cr(III). 
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7.1(B). Optimization of atomization temperature 
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Finally, to further assess the accuracy of the developed method, we analysed samples and 
reference materials using the technique of standard additions and no statistical significant 
difference was observed between the results obtained by external calibration and those 
obtained by standard addition (Table 7.2). 
 
Chapter 7. Method development for speciation of chromium   
 154
The precision, expressed as the standard deviation for the determinations of Cr(VI) and 
total Cr in the certified reference material was in the range from 2 to 11%.  
 
Table 7.2. Results of CRM 544, µg L-1, 95% C.I. 
 
 Certified 
value 
GFAAS, External 
calibration, N = 9 
GFAAS, 
Standard 
additions,  
N = 9 
UV-VIS 
Spectrophot
ometry, 
 N = 9 
ICPMS, 
Elan 5000 
N = 4 
Cr(Tot) 49.4 ± 1 48.3 ± 2.3 49.6 ± 0.9 49.2 ± 1.5 46.3 ± 3.2 
Cr(III)      
Measured 26.8 ± 1.1 27.5 ± 0.8 - -  
Calculated* - 27.4 28.6 27.3  
Cr(VI) 22.8 ± 0.9 20.9 ± 2.3 21.0 ± 2.0 21. 9 ± 1.4  
 *Cr(tot)  Cr(VI) 
 
7.4.3. Limits of detection (LOD) 
 
The LOD obtained using GFAAS (evaluated as the concentration corresponding to three 
times the standard deviation for 10 reagent blank determinations) following all 
pretreatment procedures was 0.08 µg L-1 and 0.30 µg L-1 for Cr(tot) and Cr(VI), 
respectively.  
 
These values are better than the values obtained by A.S. Stasinakis et al [Stasinakis et al., 
2003], i.e. 0.39 and 0.45 µg L-1 for Cr(tot) and Cr(VI), respectively, for determination 
using ETAAS (Electro-thermal Atomic Absorption Spectrometry), and by Wu et al [Wu 
et al., 2001], i.e. 1.4 µg L-1 for Cr(VI) determination in water samples using sequential 
injection analysis (SIA) FAAS. However, the LOD obtained is higher than those reported 
by Martinez-Bravo et al. [Martinez-Bravo et al., 2001] and Vanhaecke et al. for Cr(VI), 
i.e. 0.2 and 0.12 µg L-1, respectively, for determination in water using high performance 
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liquid chromatography-inductively coupled plasma mass spectrometry [Vanhaecke et al., 
2000]. 
 
The LOD obtained using UV-VIS spectrophotometry was 3.4 µg L-1. This LOD is better 
than the values reported by other researchers [Balasubramanian and Pugalenthi, 1999]. 
The detection limit for total chromium by the ICP-MS procedure was 0.01µg L-1. 
7.4.4. Determination of Cr(III) and Cr(VI) in real-life samples 
 
The proposed method was applied for the speciation of Cr(III) and Cr(VI) in Tinishu 
Akaki River, Ethiopia and in wastewater samples from a chemical plant located in 
Germany; the results are presented in Table 7.3. It was found that in all samples collected 
from TAR, the values were lower than the maximum allowable concentration for Cr in 
drinking water (50 µg L-1) set by the European Community Directive 80/778/EEC, 
L229/20, D48 and could not be harmful to public health. It should be kept in mind that 
when there are effluent discharges (Table 7.3) from Addis Ababa and Batu tanneries 
[Melaku et al., 2004], the concentration of total chromium can be up to 30 times higher 
than the one obtained in this work, except for site S20.  
 
Determination of Cr(VI) and Cr(III) in the dissolved fractions of samples A and B 
showed that almost all the Cr in the industrial wastewater samples, was in the form of 
Cr(VI). The contribution of Cr(VI) in sample A and B to the Cr(tot) concentration was 94 
and 93%, respectively. The concentration of Cr(VI) in sample A is 2.3 times higher than 
the maximum permissible concentration for industrial wastewater, 200 µg L-1 [Krishina 
et al., 2004]. 
 
The relative standard deviation (% RSD) observed in the case of Cr(VI) determination 
varies over a wide range according to the method employed [Balasubramanian and 
Pugalenthi, 1999]. A relative standard deviation of 1 - 4.4% was obtained for industrial 
wastewater samples using UV-VIS spectrophotometry, whereas the extraction of Cr(VI) 
with Amberlite LA-2/MIBK and its subsequent determination with GFAAS resulted in 
standard deviations in the range of 1-9%. 
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7.5. Conclusion 
 
The results of this study show that extraction using Amberlite LA-2/MIBK results in 
good separation of Cr(III) and Cr(VI) in river and industrial wastewater samples. The 
separation followed by GFAAS method is simple, inexpensive and sensitive. Moreover, it 
provides a good detection limit, precision and accuracy. 
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Chapter 8. Determination of trace elements in agricultural 
soil samples by ICP-MS: microwave acid 
digestion versus aqua regia extraction 
 
8.1. Introduction 
 
Concern over the adverse human health and ecological effects of the increasing 
accumulation of heavy metal contaminants in the environment is growing [Sandroni 
and Smith, 2002]. Trace elements can enter the soil by a number of pathways, and 
their behaviour and fate in soils differ according to their source and species. The most 
important anthropogenic sources of trace elements for soils include: commercial 
fertilizers, liming materials and agrochemicals, sewage sludge and other wastes used 
as soil amendments, irrigation waters, and atmospheric deposition from industrial, 
urban and road emissions [Senesil et al., 1999; Huerta et al., 2000]. These pollutants 
are non-degradable and they accumulate in the upper layers of soils as chemical forms 
that are often more reactive than native ones [Gleyzes et al., 2002]. 
 
Heavy metal pollution accumulated in agricultural soil influences the ecosystem 
nearby. The toxic metals can be taken up directly by humans and animals through the 
inhalation of dusty soil or they may enter the food chain as a result of their uptake by 
edible plants and animals [Gleyzes et al., 2002; Moreno et al., 2005; Tuzen, 2003] or 
when they leach down to groundwater and contaminate drinking water resources, and 
may cause, in both cases, hazards to the health of humans and animals [Senesil et al., 
1999]. 
 
Growth media (e.g., soil, water, air, nutrients) are the main sources of trace elements 
to plants which take up trace elements by the root or the foliage. Although some trace 
elements are essential plant micronutrients [Lucho-Constantino et al., 2004], elevated 
levels of metals in soil may lead to increased uptake by plants [Vousta et al., 1996] 
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and affect the quality of agricultural products [Senesil et al., 1999]. For these reasons, 
the monitoring of trace metals in agricultural soils is essential.  
 
Atomic absorption spectroscopy (AAS) and inductively coupled plasma-optical 
emission and - mass spectrometry (ICP-AES and ICP-MS) are among the most 
common spectroscopic methods used for the determination of heavy metals in 
environmental samples [Saster et al., 2002]. ICP-MS has emerged as a useful 
technique for the trace analysis of soil owing to its multi-element capability, high 
detection power and low sample consumption [Falciani et al., 2000]. The drawback of 
these techniques is that they first require the solid sample to be transformed into 
solution, wherein the metal content is determined [Saster et al., 2002].  
 
Sample preparation is an important step in the analysis of soils because of the 
refractory nature of these materials [Falciani et al., 2000]. Conventional digestion 
procedures, such as wet digestion and dry ashing, are often the most time-consuming 
stage of the analysis. These methods are labour-intensive and tedious, and often have 
a high contamination potential [Sandroni and Smith, 2002; Saster et al., 2002].  
 
Microwave techniques are widely applied and have become the procedure of choice 
for decomposition of wide variety of sample matrices, such as foods, calcium 
supplements, silicate rock, water samples, vegetable, ash samples, soils and sediments 
[Sandroni and Smith, 2002].  
 
Microwave digestion in sealed containers followed by ICP-MS is nowadays one of 
the most versatile methods for the analysis of soil samples [Tuzen, 2003; Falciani et 
al., 2000; Sandroni et al., 2003]. With microwave digestion, analysis time can be 
greatly reduced. In addition to the reduction in analysis time, other advantages of 
microwave digestion over the conventional hot-plate digestion methods include 
reduced contamination, lower reagent and sample usage and enhanced operator safety. 
The microwave oven heats the contents to a high temperature very rapidly and the 
closed vessel helps in preventing losses due to volatilization of elements. Microwave 
digestion also tends to yield more controlled and reproducible results than 
conventional methods [Sandroni and Smith, 2002; Saster et et al., 2002].  
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A large number of different acid mixtures have been used for microwave digestions. 
Some methods use HNO3/HF [Falciani et al., 2000], other use HClO4/HNO3 [Melaku 
et al., 2003], HF/HNO3/HCl [Bettinelli et al., 2000], HNO3HCl and HNO3H2SO4 
[Sandroni et al., 2003]. In most cases, complete digestion of the sample is required to 
achieve reproducible and accurate results [Sandroni et al., 2003]. 
 
In this paper, we report the comparison of a microwave-assisted digestion with an 
aqua regia extraction for soil samples. Our first step was to validate the methods using 
certified reference materials (CRMs) of soil origin and to propose a rapid, safe and 
good sample preparation method. The second step was to apply the method for 
monitoring the heavy metal content in agricultural soil samples irrigated by the 
Tinishu Akaki River and its tributaries, Ethiopia. In Ethiopia, indiscriminate 
application of inorganic fertilizers and pesticides, in addition to the discharge of 
wastewater into the TAR and subsequent use of TAR water as irrigation water, has 
led to an accumulation of heavy metals in many agricultural soils.   
 
8.2. Study area 
8.2.1. Geography 
 
Addis Ababa, the capital city of Ethiopia, is located in the heart of the country. It is 
the country's commercial, manufacturing, and cultural center. Cement, leather and 
beverage production are among the industrial activities in the city. Addis Ababa has 
grown at an astonishing speed since it was established in 1886. Today it has a 
population of more than three million in a land area of 540 sq km, of which 18.2 are 
rural, and it lies between 2200 and 2500 meters above sea level on the Central 
Ethiopian Plateau. Geographically, it is located at 9°N and 38°E. The city rambles 
pleasantly across many wooden hillsides and gullies cut through with fast flowing 
streams, especially during the rainy seasons from July to September [http 1]. 
Geologically, Addis Ababa lies on volcanic rocks ranging in composition from 
rhyolitic to basaltic types. The main stratigraphic units are constituted by basaltic, 
rhyolitic, trachytic and trachy-basaltic lava flows and welded tuffs found at different 
localities and ages [Girmay and Assefa, 1989]. Tinishu Akaki river basin covers the 
Western part of the city (Fig. 8.1). Various vegetables are grown along the bank of the 
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TAR and its tributaries. Most of the vegetables cultivated in this area enter the local 
markets while large quantities are transferred to retail and wholesale markets.  
 
8.2.2. Climate 
 
Despite its proximity to the equator, Addis Ababa enjoys a mild, Afro-Alpine 
temperate and warm temperate climate. The lowest and the highest annual average 
temperature are between 10 and 25°C. April and May are the driest months. The main 
rainy season occurs between mid June and mid September, which is responsible for 
70% of the annual average rainfall of 1400 mm. It is characterized by intense rainfall 
of short duration.  During the dry season the days are pleasantly warm and the nights 
cool; in the rainy season both days and nights are cool [http 2].  
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Figure 8.1. Location of agricultural soil sampling sites, Ethiopia 
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8.3. Experimental 
8.3.1. Instrumentation 
 
8.3.1.1. ICP-MS 
 
The instrument used was a Perkin-Elmer Sciex Elan 5000 ICP-mass spectrometer 
(Perkin-Elmer, überlingen, Germany) equipped with quartz torch, nickel sampler and 
skimmer cones, a peristaltic pump (maintaining a 1 mL min-1 sample uptake rate), a 
cross-flow type pneumatic nebulizer and a double pass Scott-type spray chamber. 
Operating conditions are summarized in Table 8.1.  
 
Table 8.1. ICP-MS operating conditions 
 
RF power (W) 1000 
Plasma argon, L min-1 15  
Nebulizer flow, L min-1 0.9  1  
Auxiliary gas flow rate, L min-1 1.2 
Sample uptake rate, L min-1 1.2 
Number of points/Spectral peak 1 
Total acquisition time  428 
Nuclides monitored 1 
Nebulizer Cross flow 
Data Peak hop transient 
Resolution  Normal 
Dwell time (ms) 50 
Number of replicates 3 
Calibration mode External calibration 
 
8.3.1.2. Microwave digestion system 
 
For the dissolution of samples, a microwave digestion system (MLS-1200 MEGA, 
Milestone, USA) with MDR (Microwave Digestion Rotor) technology was used with 
TFM (Tetrafluormethaxil) vessels. 
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8.3.2. Reagents and standard solution 
 
The reagents used were all analyticalreagent grade, unless stated otherwise. Water 
was doubly distilled and further purified using a Milli-Q water purification system 
(Millipore, USA). 40% HF and 70% HClO4 were obtained from Merck (Germany), 
while 65% HNO3 and 32% HCl acids were purified by sub-boiling distillation in 
quartz equipment.  
 
Saturated boric acid solution was prepared by adding 7 g of boric acid (UCB, 
Belgium) to 100 ml Milli-Q water in a clean Teflon bottle subsequently; the boric acid 
in the sealed bottle was allowed to dissolve with heat on a hot plate in a fume hood. 
Once dissolved crystals form in the bottle on cooling, the solution is ready to use. A 
small volume of saturated boric acid is used to prevent insoluble fluorides in acid 
dissolutions.  
 
Multi-element standard solutions were prepared by diluting single and multi-element 
standard solution (Merck) containing 1g L-1 metal ions for ICP-MS. A stock internal 
standard solution 10 mg L-1 of In, Sc and Tl each was prepared from single-element 
standard solutions (1g L-1) for ICP-MS. Where necessary, standards and samples were 
diluted with 0.14 M HNO3.  
8.3.3. Sampling and pre-treatment of samples 
 
After surveying the study area, some agricultural sites were selected for soil sampling. 
These sites are typical vegetable growing areas of the Western-central part of Addis 
Ababa, irrigated by the TAR and its tributaries. Six composite soil samples, of 5-10 
sub-samples, were collected from agricultural sites (from an area measuring 60 m * 
60 m) located close to the water sampling sites S5, S9, S16, S17, S19 and S23 of a 
previous study [Melaku et al., 2004] (Figure 8.1). These samples were collected 
during the period October 6 November 3, 2004. At each sampling location, a total of 
about 500 gram of soil sample was taken from the top soil (0-25 cm depth) [Mireles et 
al., 2004; Reimann et al., 2000] using a hand held polyethylene spoon (VWR 
international, Belgium), that had been pre-cleaned in the laboratory. After that, the 
soil samples were transferred to 500 mL wide-mouthed polyethylene bottles (VWR 
international, Belgium) and transported to the Laboratory of Analytical Chemistry, 
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Ghent, Belgium. At the time of sampling, the vegetables grown were garlic, cabbage, 
lettuce, and carrot. Soil samples were air dried and ground to pass through 63 µm 
nylon grid sieve [Stalikas et al., 1997; Vigano, 2002] and transferred to polyethylene 
bottles until analysis.  
 
8.3.4. Microwave acid digestion procedure 
 
Of the powdered sieved grain size fraction, 0.25 g was weighed directly into each pre-
cleaned vessel and various acid combinations were added, then the vessels were 
placed inside a rotor of the microwave digestion system, sealed, tightened using a 
torque wrench and finally submitted to a microwave dissolution program (Table 8.2). 
After cooling, only for procedure A (HNO3/HCl) and B (HNO3/HClO4) the digest was 
filtered, to remove the silica, through an ashless 90 mm dia. Whattman type 41 filter 
paper (England) and quantitatively transferred to a polyethylene bottle and diluted 
with Milli-Q water to 50 mL. In the case of procedure C (HNO3/HCl/HF/H3BO3), 
after cooling of the samples, 2 mL of saturated boric acid solution was added, the 
vessel re-capped, returned to the oven, and heated at 300 watts for 3 minutes. At this 
stage, the clear solution obtained for soil was quantitatively transferred into a 50 mL 
calibrated flask and diluted to volume with Milli-Q water. A vessel containing the 
same acid mixture as used for the samples was adopted for controlling the analytical 
blank. The digests were stored at 4°C until analysis.  
8.3.5. Aqua regia extraction procedure 
 
The trace element content in the certified soil reference material was also estimated 
from aqua regia extractions, following the procedure recommended by the 
International Organization for Standardization (ISO 11466) [ISO, 1995]. Samples 
were digested at room temperature with a HCl (37%)/HNO3 70% (3:1) mixture (28 
mL per 3 g of sample) for 16 h. After this, the suspension was digested at 130°C, for 2 
h under reflux conditions. The suspension was then filtered and diluted to 100 mL 
with HNO3 0.5 mol/L for analysis.  
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Table 8.2. Operating condition for microwave digestion procedures 
 
Step Reagents Volume (mL) Power (W) Hold Time 
(min) 
Procedure A     
1 HCl 6 250 2 
2 HNO3 2 400 2 
3   500 10 
Vent   0 5 
Procedure B     
1 HClO4 1 250 5 
2 HNO3 5 500 5 
3   650 5 
4   350 10 
5   0 5 
Vent     
Procedure C     
1 HCl 6 250 8 
2 HNO3 2 400 4 
3 HF 2 600 6 
4   0 2 
5 H3BO3 2 300 3 
6   0 2 
Vent   0 5 
 
8.3.6. Analytical procedure for trace element analysis by ICP-MS 
 
Trace elements were determined by ICP-MS. Two reference materials, which have 
aqua regia extractions certified values for several heavy metals, were analysed in 
parallel to ensure the quality of the results obtained: a Light Sandy Soil (BCR CRM 
142) and Over fertilized Soil (BCR CRM 143). The blanks and standards were 
prepared in the same way as the CRMs [Saster et al., 2002; Vidal et al., 1999].  
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The performance of an ICP-MS instrument strongly depends on the operating 
conditions [Falciani et al., 2000]. The plasma operating conditions such as the 
nebulizer flow rate, the position of the torch and RF power and the ion lens voltages 
of the instrument were optimized while continuously nebulizing a 50 µg L-1 multi-
element standard solution of Be, Co, Rh, In, Pb and Tl so as to maximize the 103Rh+ 
and 115In+ signals. The ion lens voltages were chosen each time the sampler and 
skimmer were replaced and/or cleaned. The plasma operating conditions were 
selected to obtain a good compromise between high sensitivity and low oxide levels.  
 
For ICPMS measurements, 0.2 mL of the digest sample was pipetted into a 10 mL 
polyethylene tube. Then 50 µL of 10 mg L-1 Sc, In and Tl was added as internal 
standard and the volume was adjusted to 10 mL with 0.14 M HNO3, resulting in a 50-
fold dilution. Blank and 100 µg L-1 multi-element standard measurements containing 
the same amount of acids and internal standard mix of Sc, In and Tl were also carried 
out. Quantification was accomplished by external calibration, by comparing the net 
signals against those of multi-element standards. The following analysis sequence was 
applied: first the blank, then several samples and only at the end of the sequence, the 
standard. The blank intensity was subtracted from both the standard and the sample 
intensities. 
8.4. Results and Discussion 
8.4.1. Validation 
 
Three microwave digestion programs, labeled A, B and C (Table 8.2) and the aqua 
regia extraction technique, were compared to determine the capability of the methods 
to be used in monitoring analysis, taking into account the information obtained when 
comparing the recovery, the total time of analysis, the operational difficulties, the 
amount of acid used and the safety requirements. The certified reference materials 
tested (BCR CRM 142 Light Sandy soil and BCR CRM 143 Overfertilized Soil) were 
obtained from the Community Bureau of References. 
 
Tables 8.3, 8.4 and 8.5 show the results obtained when using 114Cd, 59Co, 52Cr, 63Cu, 
55Mn, 60Ni, 208Pb, and 66Zn in the analysis of CRM 142 and CRM 143 together with 
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the certified values and the 95% C.I. Four replicates were performed for the 
microwave acid digestion and the aqua regia extraction procedure.  
 
The results obtained for the certified reference materials using microwave acid 
digestion yield a recovery of 91-110, 90-114 and 84-118% for procedure A, B and C, 
respectively. The recovery of each metal is calculated based on the mean value for 
CRMs [(measured concentration (mg kg−1)/mean CRM certified value (mg kg−1)) × 
100]. The lowest recoveries 84 and 86% in procedure C were found for Zn. The 
recovery for aqua regia extraction procedure ranged from 84 to 103%. Summarizing, 
one can state that all microwave assisted digestion and aqua regia extraction 
procedures resulted in good recoveries. The obtained results were in good agreement 
with the certified values. The results from the analysis of CRM were all within the 
95% confidence limit and there was no significant difference between the microwave-
assisted digestion and aqua regia extraction procedures. 
 
Concerning reproducibility, the relative standard deviations (RSD) obtained with the 
application of microwave assisted digestion were, in most cases, better than 5%. 
Otherwise, higher RSD values for Pb, 11.8%, and Zn, 13.2%, in CRM 142 were 
obtained when applying procedure C and A, respectively. For the aqua regia 
extraction procedure, the RSD values obtained were usually lower than 10%, reaching 
up to 17% in an exceptional case for Cd in CRM 142, due to the low Cd content of 
this sample. The standard deviation of the aqua regia extraction method was found 
slightly higher than that of the microwave digestion method. 
 
Although from this comparison, it could be deduced that in most cases aqua regia 
extraction was sufficient to quantify the level of concentrations of these heavy metals 
in the soil, the aqua regia microwave digestion procedure seemed to be a more 
attractive procedure from the point of low acid consumption, shorter digestion time, 
and safety coupled to a good accuracy. As a consequence, this program was chosen 
for use in further experiments to compare acid combinations for digestion. The 
disadvantage of the microwave digestion method is that it is more expensive and 
requires some experience. 
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8.4.2. Detection Limits 
 
Limits of detection (LOD) were estimated as the concentrations corresponding to 
three-times the standard deviation, σ, of the intensities of the blank signals at m/z for 
each analyte, where a blank HNO3/HCl digestion procedure was assessed. The 
average values and the standard deviation of the blank signals were obtained by using 
the results of 10 replicate measurements of HNO3/HCl and 5 measurements of 100 µg 
L-1 standards. The limits of detection were 0.01, 0.01, 0.04, 0.03, 0.02, 0.04, 0.01 and 
2.3 µg g-1 for Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn, respectively. These values are better 
than the values obtained by Bettinelli et al. [Bettinelli et al., 2000] using the same 
instrument. However, the LOD obtained is higher than those reported by Y.L. Lee et 
al. [Lee et al., 2003], for Cr, Cu, Zn, Cd and Pb determination in soil using Laser 
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). 
8.4.3. Analysis of real-life sample 
 
The developed method was applied for the analysis of agricultural soil samples by 
ICP-MS after aqua regia microwave assisted digestion. The element concentrations 
determined in the soil of the studied area are presented in Table 8.6.  
 
The elemental concentration of the eight metals measured in soil samples collected 
from agricultural soils irrigated by the TAR and its tributaries were found in the range 
of 1.0-2.0 (Cd), 113-236 (Co), 557-7022 (Cr), 201-442 (Cu), 7746-13093 (Mn), 318-
623 (Ni), 81-472 (Pb) and 749-1381 µg g-1 for (Zn). The highest concentrations for 
Cd, Mn, Pb and Zn found at S16 could possibly reflect the influence of a slaughter 
house, battery factory and domestic wastes entering the Kera stream; the very high Cr 
concentration at site S9 may result from the direct discharge of effluents from the 
Addis Ababa Tannery, located upstream of site S9, into the TAR and subsequent use 
of TAR water for irrigation. This is in agreement with the Cd, Cr, Pb and Zn 
concentrations in previous studies for the water samples analyzed at the same site 
[Melaku et al., 2004], suggesting the great impact of the irrigation water on the 
elemental concentrations in the soil. Moreover, the application of chemical fertilizers 
possibly contributes to the increasing concentration of metal in the soil. 
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The concentrations of all metals are found much higher than the world soil mean 
values [Reimann et al., 2000] and the CCME guidelines for agricultural soil [http 3], 
except for Cd at some sites (Table 8.6). Especially the Mn content largely exceeds the 
world mean value. 
 
Again, the Cr concentration at all sites and the Pb concentration at S16, S19 and S23 
were found above the maximum allowable concentrations of trace metals considered 
in agricultural soil by the European Community [Lucho-Constantino et al., 2004]. 
 
8.5. Conclusion 
 
The microwave digestion process selected presents considerable advantages, which 
include good precision and accuracy, reduced contamination, speed and safety. The 
results from this study show that, in the Ethiopian soil analysed, most elements are 
present at levels considered potentially hazardous in the soil samples. It is likely that 
the current agricultural use of the soils irrigated by the TAR and its tributaries may 
pose a potential risk to the trophic chain and the aquifer recharge.  
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Chapter 9. General discussion, conclusion and suggestions for 
future work 
 
9.1. General discussion 
 
Investigation of the physico-chemical parameters, major ions and nutrients along with 
heavy metals has paramount importance in monitoring the pollution level of the aquatic 
environment. These variables are related to one another. For example, increasing 
temperature tends to elevate the solubility and toxicity of dissolved metals; a decrease in 
pH increases the solubility of metals; high pH values tend to facilitate the solubilization 
of ammonia and salts. Moreover, a decrease in dissolved oxygen concentration usually 
indicates the presence of organic wastes. 
 
Physico-chemical parameters 
 
The pH of the TAR is relatively constant throughout the sampling campaigns at all sites. 
At several sampling locations, the DO concentration is low from 0.01 mg/L to 5.2 mg/L.  
 
Due to the decrease in elevation from up to downstream of the TAR, this makes the river 
water to flow fast, causing turbulence, the uptake of oxygen increases. Still the TAR 
suffers from lower concentration of dissolved oxygen and a heavy damage on the self-
purification capacity of the river as a result of continuous input of organic wastes from 
industrial, domestic, agricultural and municipal sources. The trend of the DO in the TAR 
is shown in Appendix A. The higher DO concentrations at S1 and S10 show the relatively 
lower anthropogenic impact of the Gefersa and Gerbeja streams, respectively. A stream 
like that of Gerbeja, one of the tributaries of TAR, helps to dilute the concentration of 
pollution elements in the TAR.  
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The chemical and biological oxygen demands also follow a similar trend during both 
campaigns. The good correlations between COD and BOD in both campaigns show the 
reproducibility of the BOD measurements which is usually difficult, unlike the COD 
measurements (Appendix A). 
 
The electrical conductivity and the total dissolved solids concentrations follow the same 
trend of increase from S1 to S9 and stay relatively constant from S10 to S23 during both 
campaigns (Appendix A). 
 
The phosphate, ammonia, bicarbonate, calcium and magnesium concentrations and 
hardness (as CaCO3) increase from up to downstream. The highest phosphate 
concentration was observed at S16, the Kera Stream. This stream carries domestic and 
slaughter house wastes. Moreover, agricultural and industrial activities may also 
contribute to the higher phosphate concentration. On the contrary, the sulphate 
concentration shows a decreasing trend from S7 to S23 with the highest concentration at 
S11. 
 
The concentration of ammonia increases with a decrease in the dissolved oxygen 
concentration (Appendix A), indicating an anaerobic degradation of wastes in the TAR 
and its tributaries. 
 
In general, the increasing or decreasing trend of polluting components shows some 
irregularities due to the construction of dams, for irrigation purposes, at various locations 
along the TAR and the quality of the TAR tributaries. The constructed dams could retain 
some pollutants which subsequently will be introduced to the agricultural soil irrigated by 
the TAR and its tributaries. On the other hand, the TAR tributaries either increase the 
concentration of the polluting components in the TAR or play a dilution role, depending 
on the quality of their water. 
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Trace elements in water 
 
The threat of ever increasing elemental pollution in aquatic environment, especially for 
heavy metals, may result in impairing environmental health. The concentration of these 
metals in the water is significantly influenced by a number of variables such as pH and 
water-sediment interaction. 
 
In general, the concentrations of Cr and Mn at some sites were found very high and do 
not fulfill the class 2-4 water quality criteria. Thus waters from these sites are not 
appropriate for use as irrigation water. 
 
The highest concentrations of Cd, Cu, Ni and Zn in the TAR water samples (Appendix 
B), during the first campaign, could possibly be due to the saw dust, welding, and etc. 
activities from the construction of the Saris Bridge upstream of S20. These highest 
concentrations were not observed at the same site during the second campaign; by then 
the construction activities were almost completed. The high chromium concentration at 
S7-S9 and S22 could possibly result from the direct discharge of solid and liquid wastes 
into the TAR from Addis Ababa and Batu tanneries, respectively, located upstream of 
these sites. 
 
The Worenchiti stream (S12) plays a major contribution in the pollution load of Co, Mn 
and Pb, as it receives all kinds of municipal, domestic and industrial wastes. 
 
Trace elements in sediment 
 
No natural waterbody is a purely homogeneous solution. As we have already seen, not 
only water does spend much of its time in contact with rocks, minerals, organisms, etc., 
but there is a constant interchange of material between the dissolved and solid phases. 
The composition of natural waters is rarely governed purely by homogeneous reactions; 
there is a constant cycling of material between the dissolved and solid phases brought 
about by a combination of chemical, physical and biological processes. Some of this solid 
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material will be rapidly returned to the dissolved phase by changes in solution chemistry 
or bacterially assisted decomposition; the remainder will eventually be incorporated into 
the sediments.  
 
Due to this constant interaction between the water and sediment phases, concentration of 
trace elements decrease or increase depending on the physico-chemical parameters such 
as the pH. 
 
The heavy metals that reach the water are relatively quickly diluted: either they are 
transformed into carbonates, sulphates and sulphides or mineral and organic sediments 
adsorb them. For that reason, the heavy metal content of water sediment is always 
increasing (Appendix B). The situation becomes critical for any body of water when the 
sediment has reached its capacity for adsorption; that point, however, is not precisely 
known. As soon as the sediment is saturated, the content of heavy metal in the water 
increases; but the heavy metals in the sediment can become mobilized and eco-
toxicologically active, before this point of saturation is reached. If the pH < 7, the heavy 
metals that the sediment has adsorbed are mobilized. The pH value falls in strongly 
eutrophic water, as a result of mass development of microbes, when carbon dioxide is 
released by respiration. Fortunately, the pH of the TAR water and its tributaries ranged 
from neutral to slightly alkaline; and the nutrient levels found were very high, in most 
cases. 
 
The mean concentrations of Cd, Cu, Mn, Pb and Zn exceed the unpolluted sediment 
values by a factor of 4.5, 1.8, 3.4, 5.8, and 2.7, respectively. Also, the mean 
concentrations of Cr, Cu, Pb and Zn exceed the Canadian Council of Ministers of the 
Environment (CCME) interim fresh water guidelines for the protection of aquatic life by 
a factor of 56, 1.6, 3 and 2, respectively.  
 
The highest Cd, Cu, Pb and Zn concentrations in the TAR sediment were obtained at S17. 
In addition to the domestic, municipal and agricultural wastes, the effluents from the 
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battery, winery and alcohol factories located up stream of S17 could possibly be the 
sources of pollution of these elements. 
 
The distinct peaks of Co, Mn and Ni at S12 (Worenchiti stream) coincide with the high 
concentrations of these elements in the water samples collected from the same site, thus 
indicating the same sources of pollution. As we have discussed previously, the 
concentration of chromium in sediment at S7-S9 again could result from the Addis Ababa 
tannery waste discharges. 
 
Chromium speciation 
 
Due to the extremely high chromium concentration found at some sites, we have also 
applied a speciation methodology to identify the chromium species (the trivalent and 
hexavalent chromium) at some selected sites. As a matter of chance, there was hardly any 
discharge of effluents either from the Addis Ababa or the Batu tanneries, during 
sampling, and the concentrations of chromium species were found very low. These 
results showed that the highest concentration of chromium in the TAR water is directly 
related to the discharge of solid and liquid wastes from the above mentioned tanneries. 
 
Trace elements in agricultural soil 
 
In order to asses the impact of the TAR and its tributaries, water, used as irrigation water, 
and some soil samples ware also analysed for their trace element contents. The 
concentrations of all metals are found much higher than the world soil mean values and 
the CCME guidelines for agricultural soil, except for Cd at some sites.  
 
Again, the highest concentrations of Cd, Mn, Pb and Zn were found in the Kera soil 
(S16), downstream of the battery, alcohol and winery factories; and the highest chromium 
concentration was found in the Asko soil (S9), downstream of Addis Ababa tannery.  
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The accumulation of heavy metals in the soil, sediment and water may lead to an increase 
of their concentration in crops. Furthermore, ageing and weathering processes may 
increase the irreversibility of the association of heavy metals-soils (particularly with clay 
and organic matter fractions), making soil clean-up more difficult in future remediation 
programs. It is likely that the current agricultural use of the soil irrigated by the TAR and 
its tributaries may pose a potential risk to the trophic chain and aquifer recharge. 
9.2. Conclusion 
 
ICP-MS data were validated for several elements (Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn) by 
analyses of certified reference materials of water, sediment and soil origins. The 
procedure described was used for the determination of trace elements in Tinishu Akaki 
River water, sediment and agricultural soil samples. Although analyses with external 
calibrations are usually more subject to errors arising from matrix/non-spectral 
interferences (caused by concomitant elements) in ICP-MS, the use of Sc, In and Tl as 
internal standards in addition to appropriate dilution of samples proved mostly to be 
efficient to correct for ICP-MS drift and matrix effects, as shown by this work. The 
multi-element capability of ICP-MS as a technique for the determination of trace 
elements in environmental samples was demonstrated and it was proven that ICP-MS is 
an excellent analytical technique for surveying heavy metals in water, sediment and soil.  
 
A good indication of safe natural water is its ability to support complex fragile 
ecosystems. This ability of natural watercourses to sustain aquatic life depends on a 
variety of physical, chemical and biological conditions. Clearly, the problems associated 
with the pollution of the TAR and its tributaries have disrupted life in the river to a great 
extent. 
 
The water, sediment and soil quality of the study area shows patterns of behavior linked 
to anthropogenic sources associated with industrial effluent, domestic wastes and 
agricultural activities. Most of the measured variables showed a similar declining quality 
trend from up to downstream of the river. The major tributaries of the TAR such as the, 
Chapter 9. General discussion, conclusion and suggestions for future work  
 187
Worenchiti (S12) and Kera streams (S16) also added to the pollution load of the TAR, as 
they are used as a receptacle of all kinds of wastes. 
 
The present findings highlight that the pollution state of TAR and some of its tributaries 
is alarming. 
9.3. Recommendation 
 
Community awareness, education on the danger, handling and safe disposing of harmful 
household, industrial and municipal wastes, so that they do not end up in river or stream 
water, are recommended. 
 
The pollution of water ways can lead to very serious consequences and therefore, proper 
solid and liquid waste collection and installation of a water treatment plant is 
recommended in order to reduce the contamination loads, to preserve the living resources 
of the river and to avoid spread of heavy and trace elements with potential health hazards. 
 
The establishment of minimum regulatory requirements or standards for wastewater from 
industrial and municipal activities before discharge into the water body is recommended. 
Standard-setting should be based on a precautionary approach, particularly with respect 
to contaminants whose effects on human health are unknown. 
 
9.4. Future work 
 
• Due to the limited scope of this study, some important factors may not have been 
given full consideration. For instance, a comprehensive study on trace elements in 
suspended matters. Furthermore, more accurate and meaningful results could be 
obtained by completing an entire field season of sampling. Other factors, such as 
the intensity of rainfall and frequency of rain fall events are probably significant 
in making evaluations of this nature. Thus, it is essential that further and more 
extensive studies be completed in order to fully asses the role of seasonal 
variations on the pollution of the TAR. 
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• Although this study identifies the relative importance of anthropogenic inputs of 
polluting components, further work is required to quantify, where necessary, the 
contributions to the pollution from the various key sources at each site. Thus 
emission measurements of the major pollution sources are highly desirable. 
 
• A systematic study of heavy metals in vegetables irrigated by the TAR and its 
tributaries is recommended. Furthermore, studies on humans and animals 
consuming these vegetables and water would be interesting although not simple. 
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Summary 
 
Anthropogenic contamination of the environment is a growing concern. In particular, the 
increasing number of contaminated water bodies world-wide, including the Tinishu 
Akaki River (TAR) and its tributaries in Ethiopia, both degrade the surrounding 
environment and threaten local human health. 
 
The present investigation provides data of physico-chemical parameters, some major ions 
and nutrients and trace elements in the water and sediment samples of TAR and its 
tributaries. Samples were collected at 23 locations during the period December 2002 to 
January 2003 (first campaign) and November 2003 to January 2004 (second campaign). 
 
The pH, temperature, electrical conductivity, total dissolved solids (TDS), dissolved 
oxygen (DO), chemical oxygen demand (COD), biological oxygen demand (BOD), Ca2+, 
Mg2+, HCO3-, SO42-, NO3-, NO2-, PO43-, Cl- and NH3 have been determined to assess the 
physico-chemical status and pollution levels of the TAR and its tributaries. The values of 
certain parameters have been evaluated with respect to the acceptable standard limits and 
guidelines for drinking and surface water. An increase in BOD, NO2-, NH3 and PO43- 
levels and a decrease in DO concentrations downstream of the TAR were observed with 
increasing domestic, industrial and agricultural activities. The mean Ca2+, Mg2+, Cl-, 
SO42-, HCO3-, NO3- and PO43- concentrations exceeded their most common natural 
concentrations' (MCNC) in world rivers by a factor of 6, 8, 27, 7, 9, 19 and 390, 
respectively. 
 
Inductively coupled plasma mass spectrometry (ICP-MS) was used for the simultaneous 
determination of 8 heavy metals in water samples. Accuracy was evaluated by analysis of 
certified reference materials (CRM). The differences between measured and certified 
values in SLRS-4 (Riverine water), BCR 713 (Effluent Wastewater) and BCR 714 
(Influent Wastewater) were less than ± 9 %, in most cases. The concentrations of 7 or 8 
out of the 8 elements determined were statistically indistinguishable from the certified 
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values.  The ICP-MS precision was usually better than 5 %RSD. The limits of detection 
for most elements ranged from 0.001 to 0.01 µg L-1. The concentrations measured, except 
for Cr and Mn, in TAR water samples fulfill the surface water quality standard of class 2 
- 4 to be usable as irrigation water. 
 
This work also describes a method for multi-element analysis of Cd, Co, Cr, Cu, Mn, Ni, 
Pb and Zn in TAR sediment, Ethiopia, by ICP-MS. River sediment samples were 
collected at the same time as the water, during both campaigns. The samples were kept 
frozen until they were lyophilized, grounded and sieved. The fraction with a particle size 
less than 63 µm was taken for the analysis. Different acid combinations were investigated 
for the digestion of sediment samples: HCl/HNO3, HClO4/HNO3 and 
HF/HCl/HNO3/H3BO3 in a microwave digestion system. Complete dissolution of 
materials was achieved with the latter. Optimum values for instrumental parameters of 
the ICP-MS were sought and set up. Multi-element standard solutions were used for the 
calibration of the procedure. The methodology was evaluated by the analysis of certified 
reference materials of sediment origin and good accuracy was assured. Good precision, 
with relative standard deviations better than 7% for most of the elements, was obtained. 
Low limits of detection were obtained, below 0.65 µg g-1, for all elements, except for Zn, 
2.8 µg g-1.  
 
Moreover, a simple, sensitive and inexpensive method for the speciation of Cr(VI) and 
Cr(III) in TAR and industrial wastewater was optimized and validated. Samples were 
collected, filtered and then chromium species were determined in the filtrate. In the 
filtrate, total Cr was first determined directly by Graphite Furnace Atomic Absorption 
Spectrometry (GFAAS). A portion of the filtered sample was buffered to pH 6.4, 
extracted with the anion exchanger Amberlite LA-2/MIBK and finally Cr(VI) was 
determined in the organic extract and Cr(III) in the aqueous phase using GFAAS. The 
methodology was validated by analysis of the certified reference material, CRM 544, and 
good accuracy was obtained. The limit of detection for Cr(VI) and Cr(III) or total Cr was 
found to be 0.30 and 0.08 µg L-1, respectively, and a precision expressed as relative 
standard deviation of better than 11% was achieved for nine replicates. A number of 
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water samples from the TAR and wastewater samples from a chemical plant in Germany, 
were analysed. In addition to the GFAAS method, Cr(tot) was also determined using 
ICP-MS (in CRM 544, lyophilized water, and TAR water) and Cr(tot) and Cr(VI) using 
UV-VIS spectrophotometry (in CRM 544 and industrial wastewater). Good agreement 
between the different independent methods was found.  
 
Finally, microwave acid digestion and aqua regia extraction techniques were investigated 
to obtain a simple, rapid and safe method for the determination of eight trace elements in 
soil (Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn). Soil samples were collected in October and 
November, 2004, air dried, grinded, sieved (< 63 µm) and subjected to digestion. The 
digests were subsequently analyzed for their metal content by ICPMS. Various 
combinations and volumes of HF, HNO3 and HCl were evaluated for the microwave acid 
digestion efficiency. Two certified reference materials (CRM 142, Light Sandy Soil, and 
CRM 143, Overfertilized Soil) were used in the comparison of these digestion protocols 
and good agreement between the two procedures and the certified values was found. The 
aqua regia microwave acid digestion with a mixture of 2 mL of HNO3 and 6 mL of HCl 
produced accurate analytical results with a recovery of 91-110% and a precision better 
than 5% in most cases in a fast and safe way. Very low limits of detection were obtained, 
below 0.05 µg g-1, for all elements, except for Zn, 2.3 µg g-1. A number of agricultural 
soil samples irrigated by the TAR and its tributaries were analysed. At some locations 
elevated concentrations were found for Cd, Mn, Pb and Zn. 
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Samenvatting 
 
De verontreiniging van het milieu door menselijke activiteiten vormt een groeiende zorg. 
Wereldwijd stijgt vooral het aantal verontreinigde watermassas.Ondermeer de Tinishu 
Akaki River (TAR) en zijn bijrivieren in Ethiopië, degraderen het omgevende milieu en 
bedreigen de gezondheid van de lokale bevolking. 
 
De huidige studie levert gegevens omtrent de fysicochemische parameters, de 
belangrijkste ionen en nutriënten en enkele spoorelementen in het water en de sedimenten 
van de TAR en zijn bijrivieren. Monsters werden verzameld op 23 plaatsen tijdens twee 
campagnes in december 2002-januari 2003 en november 2003-januari 2004. 
 
De pH, temperauur, elektrische geleidbaarheid, totaal opgeloste stoffen, opgeloste 
zuurstof (DO), chemische (COD), en biologische (BOD) zuurstofvraag, Ca2+, Mg2+, 
HCO3-, SO42- ,NO3-, NO2-, PO43-, Cl- en NH3 werden bepaald, om de fysicochemische 
toestand en de verontreinigingsniveaus van de TAR en bijrivieren in te schatten. De 
waarden van bepaalde parameters werden vergeleken met aanvaardbare 
standaardlimieten en richtlijnen voor drink- en oppervlaktewater; Een verhoging van de 
waarden voor BOD, NO2-, NH3 en PO43- en een daling in DO stroomafwaarts van de 
TAR werden vastgesteld met verhoogde huishoudelijke, industriële en 
landbouwactiviteiten. De gemiddelde Ca2+, Mg2+, Cl-, SO42-, HCO3-, NO3-  en PO43- 
concentraties overschreden de concentraties in typische rivieren van over de wereld  
respectievelijk met factoren 6, 8, 27, 7, 9, 19 en 390. 
 
Inductief gekoppeld plasma massaspectrometrie (ICP-MS) werd aangewend voor de 
simultane bepaling van 8 zware metalen in de watermonsters. De accuratesse werd 
gecontroleerd via analyse van standaard referentiematerialen (CRM). De verschillen 
tussen gemeten en gecertifieerde waarden in SLRS-4 (Riverine water), BCR 713 
(Effluent Wastewater) en BCR 714 (Influent Wastewater) waren kleiner dan 9% in de 
meeste gevallen. De concentraties van 7 of 8 van de 8 bepaalde elementen waren 
statistisch niet verschillend van de gecertifieerde waarden. De ICP-MS precisie was 
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meestal beter dan 5% (relatieve standaardafwijking). De detectielimieten varieerden voor 
de meeste elementen van 0,001µg L-1 tot 0,01µg L-1. De gemeten concentraties, behalve 
voor Cr en Mn, in de TAR waters voldeden aan de oppervlaktewater standaard van klasse 
2-4, om gebruikt te kunnen worden als irrigatiewater. 
 
In dit werk wordt ook een methode beschreven voor de simultane bepaling van Cd, Co, 
Cr, Cu, Mn, Ni, Pb, en Zn in TAR sedimenten, door ICP-MS. Riviersedimentmonsters 
werden verzameld, simultaan met de watermonsters, tijdens beide campagnes. De 
monsters werden diepgevroren bewaard tot ze gelyophiliseerd, fijn gemalen en gezeefd 
werden. De fractie kleiner dan 63µm werd behouden voor analyse. Voor het oplossen van 
het sediment werden verschillende combinaties van zuren uitgetest, namelijk: HCl/HNO3, 
HClO4/HNO3 en HF/HCl/HNO3/H3BO3 in een microgolf digestietoestel. De laatste 
combinatie liet toe de sedimenten volledig op te lossen. De instrumentele parameters 
voor ICP-MS werden geoptimaliseerd. Voor de calibratie werden oplosssingen van multi-
elementstandaarden aangewend. De methodologie werd gevalideerd via de analyse van 
CRM sedimenten. De accuratesse bleek goed, evenals de precisie met relatieve 
standaardafwijkingen kleiner dan 7% voor de meeste elementen. Lage detectielimieten 
werden berekend, namelijk beneden 0,65µg g-1 voor alle elementen behalve voor Zn, met 
2,8µg g-1. 
 
Tevens werd een eenvoudige, gevoelige en goedkope methode voor de speciatie van 
Cr(III) en Cr(VI)  in TAR en in industrieel water geoptimaliseerd en gevalideerd. 
Monsters werden verzameld, gefiltreerd en de Cr-species bepaald in het filtraat. In het 
filtraat werd eerst totaal Cr bepaald door grafietoven atoomabsorptiespectrometrie 
(GFAAS). Een fractie van het gefiltreerde monster werd gebufferd bij pH 6,4, 
geëxtraheerd met de anionenuitwisselaar Amberliet LA-2/MIBK en tenslotte het Cr(VI) 
bepaald met GFAAS in het organisch extract. In de waterige fase werd Cr(III) met 
GFAAS bepaald. De methode werd gevalideerd door analyse van CRM 544 en er werd 
een goede accuratesse vastgesteld. De precisie uitgedrukt in relatieve standaardafwijking 
was beter dan 11% voor 9 bepalingen. De detectielimieten bedroegen voor Cr(VI) en 
Cr(III) of totaal Cr respectieflijk 0,30 en 0,08µg L-1. Een aantal watermonsters van de 
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TAR en twee afvalwaters van een Duits chemisch bedrijf werden geanalyseerd. Naast de 
GFAAS methode werd totaal Cr ook bepaald met behulp van ICP-MS (in CRM 544, 
gelyophiliseerd water en Tar-water). UV-VIS spectrofotmetrie werd tenslotte aangewend 
voor de bepaling van totaal Cr en Cr(VI) in CRM 544 en in industrieel afvalwater. De 
overeenkomst tussen de verschillende onafhankelijke methoden was goed. 
 
Tenslotte werden een aantal bodemmosters geanalyseerd. Er werd nagegaan of 
spoorelementen (Cd, Co, Cr, Cu, Mn, Ni, Pb en Zn) in bodem snel en op een veilige 
wijze kunnen bepaald worden, hetzij na oplossen met zuren in een microgolfoven, hetzij 
na extractie met koningswater. De monsters werden verzameld in oktober en november 
2004, aan de lucht gedroogd, fijn gemalen, gezeefd (< 63µm) en onderworpen aan beide 
digestietechnieken. Met ICP-MS werden de 8 metalen bepaald in de oplossingen en 
extracten. Voor het oplossen in de microgolfoven werden opnieuw verschillende 
combinaties en volumes van de  zuren HF, HNO3 en HCl vergeleken. Twee CRMs 
(CRM 142, light sandy soil en CRM 143, overfertilized soil) werden aangewend voor de 
vergelijking van de oplosprotocols. Er werd een goede overeenkomst bekomen met de 
gecertifieerde waarden voor de oplosprocedure en voor de extractieprocedure. Oplossen 
in koningswater (2mL HNO3 en 6mL HCl) leverde accurate analytische resultaten op, 
met een opbrenst schommelend tussen 91 en 110% en een precisie die beter was dan 5% 
in de meeste gevallen, op een snelle en veilige wijze. Lage detectielimieten werden 
bekomen, beneden 0,05µg g-1 voor alle elementen, behalve voor Zn, met 2,3µg g-1. Een 
aantal monsters voor analyse  werden genomen van bodems die geirrigeerd werden met 
water van de TAR en bijrivieren. Op sommige plaatsen werden verhoogde concentraties 
gevonden voor de elementen Cd, Mn, Pb en Zn. 
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Appendix A: Trends of physico-chemical parameters, major 
ions and nutrients 
 
Trends of physico-chemical parameters 
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 Electrical Conductivity
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BOD Vs COD Correlation graph, Campaign I
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BOD Vs COD Correlation graph, Campaign II 
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Trends of major ions and nutrients: campaign II 
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Nitrite
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Bicarbonate
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Total hardness
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Appendix B: Trends of trace elements in TAR water and 
sediment 
 
 
Trends of trace elements in TAR water samples 
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Note: The concentration of Cd at S20*13 = 1.17 µg/L 
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Trends of Cr
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Note: The concentration of Cr at S7-S9*4 and at S22*2, during both campaigns 
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Manganese
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Note: The concentration of Zn at S20*5 = 594 µg/L 
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Trends of trace elements in TAR sediment 
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Chromium
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Note: The concentration of Cr at S7-S9*2, during both campaigns 
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Manganese
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